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ABSTRACT 
Determining the biotic and abiotic influences on the distribution and abundance 
of marine mammals is essential for understanding the dynamics of the food 
chain. The predator-prey relationship can be deterministic in shaping both the 
community structure and function of marine ecosystems. This is especially 
pertinent to recovering toothed whale populations given their large size and 
high prey consumption rates. A greater knowledge of the trophic linkages 
between toothed whales and their prey will facilitate assessments of their 
combined impact on the ecosystem since marine food webs are a fusion of 
bottom-up and top-down energy and nutrient flow. This is of particular interest 
for regions that have recovering whale populations and varying climactic 
changes, such as Australia. 
Whales and dolphins strand in all Australian coastal areas. However, it is the 
southern states, of which Tasmania is a particular hotspot, that experience 
frequent strandings. In the previous two decades there has been in excess of 70 
mass strandings. Two of the most common species to strand are long-finned 
pilot whales Globicephala melas edwardii and sperm whales Physeter 
macrocephalus. Until 2010, there had been 3974 of these two species that had 
stranded around Tasmania, 87% of which were long finned pilot whales and 
13% were sperm whales (parks.tas.gov.au). Despite the frequent stranding of 
these toothed whales there is a paucity of trophic information for these species 
from the Tasmanian region. Similarly, comparatively little is known of the 
trophic dynamics of oceanic cephalopods which are considered a major prey of 
many toothed whales in this part of the world. 
This study used stable isotope analysis to quantify the diet and trophic 
relationship between toothed whales and cephalopods in regions surrounding 
Tasmania. Carbon (δ13C) and nitrogen (δ15N) isotopic analysis was conducted on 
cephalopods that were captured incidentally by commercial fisherman to 
provide a baseline with which to compare isotopic values of cephalopod prey 
from predator’s stomachs. Isotopic values indicated that the cephalopod 
community was inclusive of 3 distinct trophic levels (6.7 ± 1.1 ‰ (Moroteuthis 
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ingens) to 12.0 ± 0.5 ‰ (Idioteuthis cordiformis), ranging from lower trophic 
crustacean feeders to higher trophic fish feeders. Some cephalopod species 
provided evidence of resource partitioning while other species indicated a 
dietary shift from lower to higher trophic levels as they matured. Furthermore, 
cephalopods occupy a range of trophic levels and are therefore important 
vectors in transferring energy up the food chain, particularly to toothed whales.  
Intrinsic factors such as age, sex or lactation status exhibited little variation on 
skin δ13C and δ15N values of long-finned pilot whales from 3 stranding events off 
the coast of Tasmania. Nevertheless, small variations due to stranding events 
were evident. The δ13C and δ15N values suggested that some adult pilot whales 
may have a more demersal or shelf foraging habitat while most reflect a pelagic 
oceanic foraging habitat. Whales showed little trophic enrichment compared to 
beaks from their stomachs suggesting supplementation of their predominantly 
teuthophageous diet with other organisms. Long-finned pilot whales also had 
one of the lowest δ15N values (12.2 ± 0.4 ‰) for pelagic marine mammals in the 
region. 
Isotopic analysis defined sperm whales as an apex predator in this region. 
However, based on skin δ13C and δ15N values, sperm whales showed low 
variation in foraging based on strandings. Sperm whales are largely 
teuthophageous feeding on oceanic squid from the meso- and bathy-pelagic 
zone. δ13C and δ15N values of squid beaks from their stomach contents confirmed 
that the whales had been foraging in an analagous isotopic region to that of 
subtropical waters around Tasmania. The isotopic signature of sperm whales 
was likely a result of a mixture of both low and high trophic level cephalopod 
prey, with the δ15N value of some prey (e.g. M. hamiltoni 16.8 ± 0.7 ‰) exceeding 
that of the δ15N value of the predator (e.g. 14.7 ± 0.8 ‰).  
Smaller-sized beaked whales had lower δ15N values (range 11.0 ‰, Cuviers 
cavirostris calf to 13.2 ‰, Tasmacetus shepherdi) and assumed lower trophic 
position than some other odontocetes from the region. There was evidence of 
niche separation between species. Furthermore, isotopic values of stomach 
contents of a Cuvier’s beaked whale suggested it might not be predominantly 
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teuthophageous. The beak δ15N values of all cephalopods from the stomach 
contents exceeded the δ15N values for the predator itself. Comparisons between 
different whale tissues of the same animal highlighted the importance of species-
specific isotopic discrimination values to accurately evaluate foraging strategies. 
Toothed whales are good biological samplers for describing unknown 
cephalopod assemblages from meso- and bathypelagic water masses. Combined 
isotopic analysis of stomach contents with that of the predator highlighted 
whether oceanic cephalopods were likely to be a dominant prey item in their 
diet. Moreover, the importance of cephalopods as mid and higher order 
predators in the region and their role in transferring energy up the food chain 
was confirmed. However, evidence suggested that the toothed whales 
themselves were more generalist rather than specialist foragers.  
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CHAPTER ONE 
GENERAL INTRODUCTION 
THE TROPHIC ROLE OF APEX PREDATORS IN THE MARINE ECOSYSTEM 
Determining biotic and abiotic factors that affect the distribution and population of 
marine mammal species is a critical component in ecological studies (Croll et al. 2005). 
Apex predators and large predators at the top of the food chain impact the structure 
and function of marine ecosystems by controlling prey density of smaller medium size 
or mid-trophic predators i.e. mesopredators (Wallach et al. 2015a,b). Although the 
important keystone function of apex predators within an ecosystem is well understood 
(Baker & Clapham 2004, Heithaus et al. 2008, Baum and Worm 2009, Estes et al. 2011), 
mesopredators who predate on smaller resource species also have a formative role in 
determining community structure (Heithaus et al. 2008, Wallach et al. 2015a). The 
absence or removal of apex predators and other top predators may result in reduced 
pressure on mesopredators. Greater abundance of these mid-level predators 
consequently exerts pressure on their prey (Strong et al. 2010). Alternatively, an 
abundance of mid-size predators may reverse the regulation on the food web exerted by 
apex predators and apply negative pressure on the survival of large apex predators that 
have become endangered due to overfishing or hunting (Strong et al. 2010). It is 
imperative that we also understand the functional position of organisms including 
mesopredators in addition to that of the apex predator to fully understand trophic 
interactions and community dynamics (Heithaus et al. 2008, Yick et al. 2012). For 
example, the removal of predatory fishes has led to their replacement by increasing 
numbers of invertebrates such as cephalopods, crustaceans and jellyfish (Caddy & 
Rodhouse 1998, Dulvy et al. 2003, Baum & Worm 2009). Moreover, the immense human 
impact on the food web through hunting, fishing and whaling has resulted in 
disproportionate losses of large predators at the top of the food chain (Strong et al. 
2010). It is therefore feasible that the distribution and abundance of higher order or 
apex predators are useful as indicators of the ocean’s resilience and sustainability 
(Ramos & González-Solís 2012). 
Trophic cascades, which are the most straightforward top-down interactions, have been 
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gaining increased attention, accounting for a substantial volume of our knowledge base 
on food webs (Baum & Worm 2009, Young et al. 2015a). Top level and apex predators 
impact their associated ecosystems by exerting force from the top of the food chain and 
down through all trophic levels. This leads to a number of ecosystem effects as well as 
species effects (Estes et al. 2011). However, top-down effects do not act in isolation. 
Marine food webs are a fusion of bottom-up energy and nutrient flow as well as 
predators exerting top-down control on producers. Both top-down and bottom-up 
mechanisms in combination are essential components in modifying and structuring 
ecosystems (Baum & Worm 2009, Strong et al. 2010, Young et al. 2015a).  
Both top-down and bottom-up processes are highly influenced by climatically driven 
fluctuations in marine ecosystems (Murphy et al. 2007a, Cutt et al. 2015). Climatic 
changes (bottom-up processes) have become an important factor to consider and 
understand in determining ecosystem predator-prey interactions and is complicated by 
human exploitation (top-down processes) (Murphy et al. 2012). Rapid warming of some 
regions may have large impacts on lower trophic levels due to its effect on 
phytoplankton and lower trophic organisms, which in turn affects foraging by higher 
trophic level organisms (Horswell et al. 2016). Furthermore, the exploitation and 
removal of large predators such as was evident with whales in the last two centuries 
has resulted in a severe decline in numbers of these predators worldwide. As larger 
predators became scarcer, resources are targeted further down the food chain with 
lower-trophic level species coming under exploitation, such as Antarctic krill Euphausia 
superba (Pauly et al. 1998, Ainley & Pauly 2014). Ecosystem modeling of the Scotia Sea, 
for example, has highlighted that the removal of large predators such as seals and 
whales over previous centuries, has likely created a long-term cascade effect with an 
alteration at the base of the food chain. Furthermore, a decline in krill abundance due to 
climatic changes is confounded by the top-down forces exerted by changes in foraging 
behavior of predators (Murphy et al. 2007b). 
The trophic impact of cetaceans on ecosystems 
During the 20th century whaling was most intense in the southern hemisphere with a 
2.5 times greater number of whales killed than in the northern hemisphere (Rocha et al. 
2015). In the Southern Ocean each species of whale, with possibly the exception of the 
minke whale Balaenoptera acutorostrata, was reduced to 5-10% of pre-exploitation 
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numbers (Croxall et al. 1992). Since food seems to be a dominant regulatory factor in 
populations (Croxall et al. 1992) it is suggested that the removal of whales may have 
boosted the availability of krill to other Southern Ocean predators, in the vicinity of 150 
million tonnes per year (Laws 1977). An increase in populations of krill-eating penguins 
and seals as well as minke whales during the 1950s and 1960s has resulted in the 
generally accepted ‘surplus krill hypothesis’ (Croxall et al. 1992). With a subsequent 
moratorium worldwide on industrial whaling in the 1980s (Rocha et al. 2015) there 
may likely be a subsequent top-down influence on the dynamics of the ecosystem. 
The large prey consumption of recovering whale populations from commercial hunting 
in the 19th and first part of the 20th century may be expected to exert top-down 
ecosystem effects. For example, ecosystem modeling revealed that predation by 
recovering sperm whale Physeter macrocephalus populations may potentially result in a 
decrease in rockfish biomass in the northeast Pacific food web, with a consequential 
cascading effect for some demersal fish species (Surma & Pitcher 2015). However, many 
of the negative top-down effects of whale recovery are tempered by variable primary 
productivity, potentially overcoming many cascading trophic effects. Although not all 
effects could be removed, an increase in primary productivity, possibly resulting from 
increased nutrient recycling and varying oceanic temperatures, counteracted some 
cascading effects likely due to the subsequent greater abundance of food resources at 
multiple trophic levels (Surma & Pitcher 2015).  
While modeling of whale recovery has exhibited an effect on some ecosystems, there 
has been little support for fisheries being heavily impacted (Surma & Pitcher 2015). 
Nevertheless, in some parts of the world large whales are seen as possible competitors 
with humans for food resources. This has culminated in a proposal that whales 
theoretically should be culled so as to ensure fisheries’ sustainability (Morrisette et al. 
2010). No real evidence has been found for this theory ‘whales eat fish’ (Morrisette et al. 
2010). On the contrary, ecosystem models have highlighted how multidimensional the 
outcomes of a reduction in large predators within a marine pelagic ecosystem would be 
(Surma et al. 2014). Worldwide, marine mammals including whales are mostly foraging 
on different food resources than those targeted by fisheries (Morrisett et al. 2010, 
2012) or are unfit for human consumption such as deepwater, ammoniacal squid 
(Clarke 1980). In fact, toothed whales in the Caribbean, for example, were more likely 
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affected by fisheries than vice versa (Morrisett et al. 2010). Moreover, the primary 
production needed to sustain the prey of the marine mammals was lower than that 
needed or removed by fisheries. Similarly, the overall trophic level of prey was lower 
than that removed by fisheries (Morrisett et al. 2010, 2012). Bayliss et al. (2015) 
concluded that the greatest influence on the biomass of some predators, such as 
southern sea lions, is the bottom-up forcing on lower trophic small prey such as 
plankton, fish and cephalopods. Furthermore, ecosystem modeling underscored that the 
removal of large predators, such as rorquals, from the pelagic ecosystem may provide 
some release of top-down pressure but result in negative impacts on bottom-up forcing 
affecting consumers across the whole food web (Surma et al. 2014, Bayliss et al. 2015). 
FORAGING ECOLOGY OF APEX PREDATORS 
Foraging theory 
Determining the causal factors of ecosystem change as well as their impact potential on 
the marine environment requires a comprehensive understanding of predator-prey 
trophic interactions (Ramos & González-Solís 2012). It is therefore essential to 
understand the foraging dynamics of iconic marine mammals. Optimal foraging theory 
suggests that large air-breathing marine predators would weigh up the costs of their 
foraging in terms of food required and the effort needed to acquire it while concurrently 
maximizing the benefits (Spitz et al. 2011, Tyson et al. 2016). The main pursuit of an 
organism is to obtain enough energy from their prey to maintain their basal metabolic 
rate in addition to other activities such as foraging and reproduction (Spitz et al. 2011). 
The energy required by deep–diving cetacean species is largely dependent on their 
metabolic rate and cost of living since diving for prey affords a complex array of 
physical challenges for optimizing foraging success (Friedlaender et al. 2016). 
Consequently, changes or fluctuations in prey will more likely affect those cetaceans 
that have higher energetic requirements (Spitz et al. 2011). Lambert et al. (2014) 
predicted the foraging habitat of cetacean species and the distribution of their prey 
based on their energetic needs. Cetaceans with higher energy requirements such as 
delphinids and globicephalids foraged in habitats of high productivity or prey biomass. 
Moreover, Lambert et al. (2014) also found that the diving abilities of various species 
correlated with their preferred foraging habitat. Shallow diving delphinids that had the 
highest cost of living were associated with greater prey aggregations in the upper layers 
Chapter 1 General Introduction 
 
5 
of the water column (Lambert et al. 2014). Conversely, sperm whales and beaked 
whales that had the lowest cost of living foraged in deeper oceanic layers reflecting 
their greater diving ability (Baird et al. 2006, Tyack et al. 2006, Lambert et al. 2014). 
Importance of cephalopods as dietary prey 
Cephalopods, squids in particular, are a significant prey resource for many fish, seabird 
and marine mammals (Clarke 1996, Collins & Rodhouse 2006, Rodhouse 2013, Young et 
al. 2015a, Xavier et al. 2016). Industrial whaling provided a rich source of dietary data 
from large predators from various regions of the world (e.g. Clarke & MacLeod 1976, 
1980, Martin & Clarke 1986, Clarke et al. 1993) including the Southern Ocean and 
Antarctica (Laws 1977, 1980, Clarke 1983). This highlighted the fact that these large 
whale predators were eating a diverse range of squid species as well as an enormous 
biomass of squid. Crude estimates of prey/squid biomass (Laws 1977, Clarke 1983) 
were facilitated by species identification based on beak morphology from stomach 
remains (Clarke 1980). However, once the moratium on whaling was introduced in the 
1980s in Australia, access to data from the whaling industry was no longer available 
(Suter 1982). These broad regional studies were foundational to our understanding of 
cephalopods as significant prey for whales.  
 Many cetaceans were identified as primarily teuthophageous (Rodhouse 2013) with 
over 80 % of toothed whales frequently consuming cephalopods (Clarke 1996). The 
stomach contents of some sperm whales stranded in Tasmanian waters have contained 
as many as 50 cephalopod species (Evans & Hindell 2004a). Based on the worldwide 
sperm whale population a conservative estimate of annual cephalopod consumption is 
in the order of 100 million tonnes. However, approximations of total annual cephalopod 
consumption (predominantly oceanic) in the Antarctic Ocean range from 12.5 to 24 
million tonnes (Santos et al. 2001a). As whale populations continue to recover from 
commercial hunting the demand for cephalopods as a prey resource may increase 
resulting in increased competition with pinnipeds, seabirds and other marine top 
predators (Surma & Pitcher 2015). 
Ecologically, squids occupy mid to high trophic positions in the food web (Navarro et al. 
2013) usually at trophic levels two to four across different ecosystems (Coll et al. 2013). 
They likely account for a large percentage of biomass in marine communities (Coll et al. 
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2013). Additionally, squid inhabit a diverse array of ecological niches as evidenced by 
their ubiquitous presence from the poles to the equator, including neritic to oceanic 
waters, and from abyssal depths to the epipelagic (Rodhouse 2013). Squid populations 
are characteristically unstable (Rodhouse, 2001) and extremely plastic in their response 
to varying environmental conditions (e.g. Villanueva 1992, Hatfield 2000, Ichii et al. 
2004, McGrath-Steer 2004, Pecl et al. 2004). Their voracious appetite and opportunistic 
feeding behaviour enables them to rapidly exploit favorable conditions (Rodhouse 
2001). Furthermore, they are able to exploit potential prey resources across the whole 
food web including zooplankton and crustaceans as well as fish and squid (Navarro et 
al. 2013). Coll et al. (2013) revealed that squid might be keystone species exerting 
strong top-down control on their prey while simultaneously representing a significant 
prey resource for apex predators. While there may be strong interrelationships with 
neritic squid as both predator and prey in inshore regions, in oceanic waters and high 
nutrient areas squid may be expected to exert the greatest impact from the bottom up 
on their predators (Coll et al. 2013). Ecosystem models reveal that a removal or 
decrease in squid was more likely to negatively impact megafauna such as cetaceans but 
have a positive effect on squid prey (Coll et al. 2013).  
Apex predators as biological samplers 
Large deep-diving oceanic apex and higher order predators are ideal biological 
samplers of cephalopods that are logistically difficult to sample (e.g. Cherel et al. 2009a, 
Xavier et al. 2014, Negri et al. 2016, Seco et al. 2016). An examination of cephalopods 
from stomach contents of deep-living predators or predators foraging on deep oceanic 
cephalopods can provide information on rarely observed species thus enhancing 
knowledge of both distribution and abundance (Xavier et al. 2002, Xavier et al. 2006, 
Cherel et al. 2009a, Hoving et al. 2014, Liu et al. 2015). Cherel et al. (2009a) 
documented the deep-sea cephalopod assemblage from the Bay of Biscay providing 
evidence of a previously unknown trophic structure between species. While methods 
such as telemetry and satellite tracking are logistically viable for obtaining important 
foraging information on large predators, using the predator themselves as a biological 
sampler can further provide data on trophic interactions, critical for conservation and 
management of both the predator and prey (Weimerskirch et al. 2005, Walters 2013, 
Xavier et al. 2014, Hoving et al. 2014, Surma & Pictcher, 2015, Guerreiro et al. 2015). 
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Dietary methods - general 
Traditionally, dietary analysis has been undertaken utilizing stomach contents of 
individual cetaceans taken as by-catch, from strandings, or acquired through 
commercial fisheries of selected species (MacLeod et al. 2003, Rodhouse 2013). 
Additionally, much of the early information on diet was provided through access to 
cetaceans from industrial whaling (Clarke 1980, Clarke 1996). Although this method 
has afforded foundational data for understanding predator-prey dynamics, it is not 
without its own unique assemblage of advantages, disadvantages and limitations 
(Young et al. 2015a). One of the disadvantages most pertinent to cetacean studies is the 
fact that it is only a snapshot in time of the predator’s diet (MacLeod et al. 2003). This is 
a particular drawback for stranded animals that may not be healthy specimens. In a 
study on 405 marine mammals that stranded on Cape Cod and southeastern 
Massachusetts, disease affected 37% of the cases that could be assigned a cause of death 
(Bogomolni et al. 2010). However, disease or sickness that may disrupt the normal 
foraging habit of animals is unlikely to be a significant issue for dietary analysis of 
stomach contents in mass stranded individuals. Bogomolni et al. (2010) found that the 
death of 92% of necropsied animals from mass strandings was not attributable to 
disease but to stress and factors relating to the stranding event itself. The authors 
further suggest that disease is not the driving factor in stranding events for that region 
but rather due to some kind of natural non-pathological reason. In Tasmanian waters, 
the tracking of mass stranded long-finned pilot whales Globicephala melas edwardii that 
have been rescued and successfully released back into the sea (Gales et al. 20120, 
further indicate the relative health of individuals that have mass stranded. The survival 
rates were high with the stranded whales reuniting after release, which is consistent 
with their known social behavior (Gales et al. 2012). There is a large amount of 
speculation regarding the reason for stranding events (Bradshaw et al. 2006). It has 
been suggested that these highly social oceanic species may inadvertently end up in 
coastal waters due to a climactic event such as a storm or from following prey inshore 
or a sick individual from their pod (Evans et al. 2005). They then may become confused 
or disorientated by the topography of the shallower waters (Bogomolni et al. 2010). 
 Another limitation of stomach content analysis is the differential digestion of prey, 
particularly of soft-bodied organisms, given the acidic conditions in the stomach of 
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marine mammals is likely to cause sampling bias (MacLeod et al. 2003, Pierce et al. 
2004). Hard parts such as cephalopod beaks are preferentially retained over otoliths 
resulting in an over or under estimation of one prey type over another (squid and fish 
respectively) (Bowen & Iverson 2013). For example, a large amount of beaks retained in 
a cetacean’s stomach may have accumulated over time overestimating their importance, 
where as fish would be digested relatively quickly and as a result not considered an 
important prey item (Pierce et al. 2004). As a consequence, researchers studying 
trophic ecology of marine predators have embraced the relatively more recent 
biochemical techniques based on the idea that ‘you are what you eat’ using stable 
isotopes (Jackson et al. 2007).  
Stable isotopes 
The previous decade has seen persistent growth in the use of biochemical tracer 
techniques such as stable isotope analysis (Crawford et al. 2008, Newsome et al. 2010, 
Layman et al. 2012). This is most likely due to the fact that this approach offers a 
number of advantages over the traditional stomach content analysis. Isotope analysis is 
based on the theory that prey is ingested and assimilated into the predator’s tissue, 
whereas gut analysis is restricted to recently ingested prey remains (Young et al. 
2015a). Retrospective dietary analysis is possible based on both hard (e.g. teeth, bone 
and hair) and soft (e.g. blood, liver, muscle) tissues representing time periods from days 
to months to years (Newsome et al. 2010, Xavier et al. 2011, Xavier et al. 2015, Young et 
al. 2015a). Two of the most common stable isotopes used to date in trophic ecology are 
carbon and nitrogen (Crawford et al. 2008). These elements are predominantly 
acquired through protein consumption and water intake and are subject to predictable 
changes with trophic transfer within a food web (Borrell et al. 2013a). As a result, 
isotopic analysis can be used to investigate foraging due to the isotopic values of marine 
organisms being directly linked to those of their prey (de Niro & Epstein 1978, 1981). 
Nevertheless, one of the greatest limitations of stable isotope analysis is its inability to 
identify prey to species level (Young et al. 2015a). Furthermore, caution is needed in the 
interpretation of directly relating the isotopic signature of the predator to a particular 
region, due to the potential of the predator feeding on offal or discards from fishing 
boats (Votier et al. 2008). However, many deep foraging oceanic whale predators 
appear to feed in waters not targeted by fisheries. 
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Carbon isotopes 
Carbon stable isotope ratios (13C/12C, δ13C) can be utilized as dietary tracers of varying 
carbon sources within a marine trophic web or across ecosystems (Crawford et al. 
2008, Layman et al. 2012). The δ13C values of primary productivity or particulate 
organic matter (POM) at the base of the food chain track fluctuations in the ocean’s 
productivity. Since there is very little variation in δ13C values reflected in consumers 
with trophic transfer (i.e. ~1 ‰), δ13C values provide a signature of the consumer’s 
foraging area (de Niro & Epstein 1981, Kurle & Worthy 2002, Cherel & Hobson 2007, 
Newsome et al. 2010, Layman et al. 2012). Spatial variability in productivity results in 
higher δ13C values for inshore high productivity areas as opposed to lower δ13C 
values in offshore low productivity areas (Newsome et al. 2010). Similarly, 
pelagic/benthic gradients are also evident with the baseline of pelagic food webs being 
less productive and therefore less enriched in 13C than benthic food webs. Therefore,   
δ13C values are able to delineate between inshore/offshore and pelagic/benthic 
contributions to dietary intake (Hobson et al. 1994, Cherel & Hobson 2007), as depicted 
below:
 
 
The δ13C values of primary producers and POM also vary predictably with latitude 
(Newsome et al. 2010). At lower latitudes 13C is more enriched compared to 13C at 
higher latitudes (see Cherel et al. 2007). As a result, latitudinal δ13C values have been 
effectively used to define foraging habitats and migration patterns in predators when 
the signature of the consumer is compared to isotopically distinct spatial and 
geographical areas (Kurle & Worthy 2002, Mendes et al. 2007a, Cherel & Hobson 2007, 
Cherel 2008). 
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Nitrogen isotopes 
Trophic relationships within marine ecosystems can be estimated using nitrogen 
isotope ratios (15N/14N, δ15N) (Kelly 2000). Unlike 13C, which shows little variability 
with trophic transfer, 15N has a predictable stepwise enrichment between predator and 
prey with trophic transfer (Minigawa & Wada 1984, Vanderklift & Ponsard 2003). The 
15N enrichment between each trophic level is expected to range between 2 - 5 ‰ 
(Hobson & Clark 1992, Kelly 2000, Post 2002). Consumers are usually enriched in 15N 
relative to their prey because of the loss of the lighter 14N isotope during excretion 
(Vanderklift & Ponsard 2003). Consequently, δ15N values can be used as a proxy to 
determine a predator’s trophic position in a food web as well as it’s relative position 
and relationship to other organisms in an ecosystem (Kelly 2000, Ruiz-Cooley et al. 
2004, Herman et al. 2005). Studies using δ15N values have been able to document niche 
overlap between predators as well as competition for prey resources (e.g. Aurioles-
Gamboa et al. 2013, Navarro et al. 2013, Staudinger et al. 2014). Natural variation in 
nitrogen isotopic composition of seawater between geographical areas can be greater 
than trophic enrichment. Therefore, comparisons between ecosystems require 
knowledge of the baseline δ15N value (Navarro et al. 2013) or of organisms at the base 
of the food chain in that region such as zooplankton or phytoplankton (Post 2002).  
Turnover and discrimination rates of isotopes 
The δ13C and δ15N values reflected in a consumer are species and tissue specific 
(Borrell et al. 2013b, Cherel et al. 2015). The combined effects of metabolism (a balance 
between anabolism and catabolism) along with growth rate (time required for tissue 
renewal) help regulate the isotopic values expressed in various tissues of marine 
mammals and other organisms (Fry & Arnold 1982). Therefore, multiple isotopic pools 
with differing turnover rates are likely to exist within the same animal (Newsome et al. 
2010). Tissues vary in their turnover rate with more metabolically active tissues like 
liver and blood having a higher turnover rate than tissues with a lower metabolic rate 
such as muscle and collagen. Therefore, consumer tissues with a faster, more active 
turnover rate will incorporate the signature of their prey over a shorter time period 
relative to tissues with a slower metabolic turnover rate (Tieszen et al. 1983, Hobson & 
Clark 1992). Studies that have evaluated different tissues with varying incorporation 
rates obtained from the same animal simultaneously have been able to document 
Chapter 1 General Introduction 
 
11 
trophic foraging over a larger time scale (e.g. MacNeil et al. 2005). Similarly, tissues that 
grow continuously but are metabolically inert, such as marine mammal teeth or 
whiskers, can provide retrospective dietary analysis based on the growth of the tissue 
(Mendes et al. 2007a, b, Newsome et al. 2009, Newland et al. 2011). Due to the differing 
turnover or incorporation rates of food into the consumer’s tissues there is a resulting 
variation in the isotopic values between the food of the consumer and the consumer’s 
tissues. The difference is called the discrimination factor (Bond & Hobson 2012, Cherel 
et al. 2005, Greer et al. 2015, Cherel et al. 2015). Utilizing species and tissue specific 
discrimination values, resulting from variations in turnover rate are critical when 
comparing isotopic values of potential prey to predator tissues (Horstmann-Dehn et al. 
2012, Browning et al. 2014). However, determining discrimination factors is time 
consuming and not always logistically viable since it mostly requires an animal to be fed 
a known diet under captive conditions (e.g. Browning et al. 2014, Giménez et al. 2016). 
RESEARCH RATIONALE AND STRUCTURE 
The rationale for this study was to assess and explore the trophic relationship between 
selected cetaceans and cephalopods from Tasmanian waters, off southeastern Australia. 
Although Tasmania is a hotspot for whale strandings there is a paucity of documented 
information on the foraging ecology for many toothed whale species from this region. 
Toothed whales in the region range from the smaller beaked whales to the larger more 
iconic sperm whale. Almost half of all known cetacean species occur in the Australasian 
region. Odontocetes or toothed whales are particularly prone to stranding in the 
southern regions of Australia with sperm whales and long-finned pilot whales 
accounting for a large percentage of mass strandings (Gales et al. 2013). Until 2010, 
there had been 3974 individuals of these two whale species stranded in Tasmanian 
waters, of which 87% were long finned pilot whales and 13% were sperm whales 
(parks.tas.gov.au). 
Oceanography around Tasmania 
The island state of Tasmania off the southeast Australian mainland (located at 39-43S 
latitude) is a region highly affected by environmentally induced changes in marine 
primary productivity (Watson et al. 2012). In any ecosystem the dominant driving force 
influencing primary productivity are nutrient fluctuations (Prince 2001). In waters 
surrounding Tasmania perhaps the most influential source of nutrients is the deep 
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oceanic subantarctic waters (SAW). The SAW mass typifies that found in most 
temperate regions of the world as it is characterised by a spring and autumn bloom 
resulting in seasonally mixed layers. However, the south west of Tasmania is 
occasionally affected by the Zeehan Current (ZC), which is an extension of the surface 
flowing Leuwin Current, bringing intrusions of oligotrophic subtropical waters (Harris 
et al. 1991, Prince 2001). Moreover, waters off eastern Tasmania are governed by a 
complex hydrography whereby the phytoplankton biomass is a result of seasonal and 
sporadic events (Harris et al. 1987, Young et al. 1996a). The warm stratified nutrient 
depleted East Australian Current (EAC) brings southward incursions to eastern 
Tasmanian waters which when intensified (i.e. in strength, duration and frequency) can 
result in modifications of the marine ecosystem (Pitt et al. 2010, Johnson et al. 2011). 
The nutrient poor EAC then encounters the cooler, frequently deeply mixed, nutrient 
rich SAW that forms the Subtropical Convergence (STC) (Harris et al. 1991, Young et al. 
1996b, Prince 2001). The STC, a broad region of enriched oceanic productivity is also 
subject to both seasonal and annual latitudinal shifts around the southern and eastern 
regions of Tasmania resulting in fluctuations in productivity (Harris et al. 1987, Young 
et al. 1993, Prince 2001). 
Study Species 
Cephalopods in Tasmanian waters 
Worldwide, cephalopods are key prey items for many marine higher trophic species. 
Predators inhabiting waters surrounding the island state of Tasmania, off southern 
Australia are no exception. In this marine sector, cephalopods are prey for birds (e.g. 
Gales & Pemberton 1990, Weimerskirch & Cherel 1998, Hedd & Gales 2001), fish (e.g. 
Hallet & Daley 2011, Pethybridge et al. 2011) and marine mammals (e.g. Gales & 
Pemberton 1994, Evans & Hindell 2004a, Arnould et al. 2011). Despite the importance 
of cephalopods in the diet of predators in the region, there is a relative lack of data 
available on deepwater oceanic species, particularly as a prey resource (although see 
Pethybridge et al. 2010 for lipid and mercury profiles). Currently most cephalopod 
research has targeted the two most common ommastrephids in this region (e.g. 
Nototodarus gouldi, Jackson et al. 2003, Stark et al. 2005; Todarodes filippovae, Jackson 
et al. 2007, Kojadinovic et al. 2011, Pethybridge et al. 2012, 2013) as well as neritic 
species (e.g. Sepioteuthis australis, Jackson & Pecl 2003, Pecl & Moltchaniwskyj 2006, 
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Smith et al. 2015; Octopus tetricus, Ramos et al. 2015; Octopus maorum, Grubert et al. 
1999). The lack of research on deepwater oceanic cephalopods is largely due to 
logistical difficulties associated with sampling these species.  
Long-finned pilot whales 
Distribution and biology 
Long-finned pilot whales (Globicephalus melas edwardii) are mid-sized toothed whales 
of the suborder odontocete, belonging to the family Delphinadae, of which there are 
approximately 35 species (Martin & Reeves 2002). They are distributed anti-tropically 
in the cold temperate and subpolar waters of the northern and southern hemisphere. 
However, the distribution is more widespread for the southern hemisphere subspecies 
G. melas edwardii that has a circumantarctic distribution as far south as the Antarctic 
convergence (http://www.iucnredlist.org, Oremus et al. 2009, Santos et al. 2010, 
Mansilla et al. 2012, Fullard et al. 2016). They are a sexually dimorphic species with a 
maximal size of at least 5.5 m for females and 6.3 m for males (Martin et al. 1987, Bloch 
et al. 1993). Female lifespan may reach 60 years whereas males may live up to 46 years 
(Bloch et al. 1993). Female sexual maturity is reached at seven years and at a length of 
3.4 m, while males mature at a greater age and length (9 - 17 years and 5 m length 
respectively) (Sergeant 1962, Martin et al. 1987, Desportes et al. 1994.) 
Foraging behaviour 
Long-term relationships are evident in this highly social odontocete, often being found 
in groups as small as two but as many as 1000 individuals (Ottensmeyer & Whitehead 
2003, de Stephanis et al. 2008). They tend to forage in groups at night adjusting the time 
spent foraging to seasonal night length (Giacome et al. 2016). Prey is acquired through 
deep diving activity with dives recorded from 360 m (Baird et al. 2002) to over 800 m 
(Heide-Jørgensen et al. 2002). 
Long-finned pilot whales are generally assumed to be an oceanic species inhabiting the 
deeper waters off the continental edge and shelf (Gales & Pemberton 1992, Monteiro et 
al. 2015a). Nevertheless, Goetz et al. (2015) determined that Iberian Atlantic pilot 
whales inhabit waters where fisheries target shelf fish species thus suggesting that pilot 
whales may forage not only in oceanic waters but also in neritic waters (see also 
Beatson et al. 2007a, b, Beatson & O’Shea 2009, Spitz et al. 2011, Mèndez-Fernandez et 
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al. 2012). Although long-finned pilot whales have been recorded as having a preference 
for foraging on cephalopod prey in many parts of the world (Gales & Pemberton 1992, 
Gannon et al. 1997, Santos & Haimovici 2001, de Pierrepont et al. 2005, Beatson et al. 
2007b, Beatson & O’Shea 2009, Mansilla et al. 2012, Santos et al. 2014) fish have 
likewise been a significant prey item in some regions (Overholtz & Waring 1991, Spitz 
et al. 2011). Moreover, the low energy density of cephalopods may trigger the 
consumption or supplementation of higher energy dense fish if prey is scarce or fat 
reserves are depleted in the whales (Lockyer 2007). 
Sperm whales  
Distribution and biology 
Sperm whales Physeter macrocephalus have a worldwide distribution in deep oceans 
from the equator to the poles (Gosho et al. 1984, Alexander et al. 2016). Concentrations 
of sperm whales may often be associated with oceanic features such as high secondary 
productivity as well as steep marine landscapes (Jacquet & Whitehead 1996). M. 
physeter are the largest of all odontocetes. They exhibit extreme sexual dimorphism 
with recorded lengths up to 18 m for males (Allen 1980) and 11 - 12 m for females (Rice 
1989 cited in Evans 1997). Evans et al. (2004b) recorded a maximum age of 64 years for 
females up to 12 m in length. 
M. physeter demonstrate sex-biased dispersal with females showing a tendency towards 
philopatry compared to males that disperse from the natal pod as they mature 
(Alexander et al. 2016). Males disperse from the natal pod at around 9 - 10 years that 
correlates with puberty (Mendes et al. 2007b), becoming more solitary as they mature. 
Mature males do not form coalitions with other males and are rarely territorial (Cookes 
& Whitehead 2004). Females, on the other hand form long-term social bonds in groups 
that also comprise juveniles of both sexes (Christal et al. 1998). The female social 
groups are confined to the tropical and temperate waters of the lower latitudes, rarely 
travelling south of 40 S (Dufault et al. 1999) whereas mature males extend their range 
into polar waters (Gosho et al. 1984, Mendes et al. 2007a, b). Mature males only return 
to the lower latitudes where the females reside to mate (Gosho et al. 1984).  
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Foraging behaviour 
Sperm whales are a highly mobile species with migration related to feeding success 
(Whitehead 1996). Numerous cephalopod beaks have been found in sperm whale 
stomachs leading to the assumption they are a teuthophageous predator in deep 
oceanic waters (Clarke 1980, Santos et al. 2002, Evans & Hindell 2004a, Garibaldi & 
Podesta 2014, Harvey et al. 2014). With the exception of perhaps some of the larger 
beaked whales, sperm whales dive deeper for their prey than all other cetaceans 
(Martin & Reeves 2002). Their deep dives of up to 1860 m enable them to forage for 
mesopelagic and bathypelagic prey (Watwood et al. 2006, Davis et al. 2007, Teloni et al. 
2008). Evans & Hindell (2004a) documented significant individual variation but with a 
high diversity of cephalopod prey in the diet of sperm whales off Tasmania.  
Beaked whales 
Distribution and biology 
Beaked whales (family Ziphiidae) are medium-sized cetaceans that make up about one 
fourth of all cetacean species. Second to delphinids they are one of the most speciose of 
all cetaceans, with currently 22 species relating to six genera Hyperoondon (two 
species), Mesoplodon (15 species), Ziphius (one species), Indopacetus (one species), 
Beradius (two species) and Tasmacetus (one species) (MacLeod et al. 2003, Dalebout et 
al. 2004, Thompson et al. 2016). However, data is sparse on many beaked whale species. 
This is probably a result of their deep-diving behaviour as they spend more than 80 % 
of their time at depth only surfacing for no more than an hour at a time (Rommel et al. 
2006). For many regions of the world the incidence of beaked whales appears to be 
associated with the seabed topography i.e. slopes, canyons, escarpments and oceanic 
islands (MacLeod & Amice 2006). One of the most well known beaked whale species is 
Ziphius cavirostris Cuvier’s beaked whale. It has a cosmopolitan distribution from the 
equator to the poles (MacLeod et al. 2006a). Conversely, perhaps the least known of the 
beaked whales is the Shepherd’s beaked whale (Tasmacetus shepherdi) (Best et al. 
2014) notwithstanding the fact that it likely has a circumpolar distribution in deep 
temperate waters of the southern hemisphere (Sekiguchi et al. 1996, MacLeod et al. 
2006a, Pitman et al. 2006). Tasmania and southeast Australia have been identified as 
one of 23 key areas for beaked whales worldwide. There are 10 species recorded from 
the area making it the second highest region for diversity (MacLeod & Mitchell 2006). 
Chapter 1 General Introduction 
 
16 
Foraging behaviour 
Foraging behaviour is probably one of the more studied subjects of these poorly 
understood species. This is likely due to the availability of deceased specimens for 
stomach content analysis resulting from strandings, by-catch or small fisheries 
(MacLeod et al. 2003) They are thought to be generalist feeders predominantly foraging 
on deepwater oceanic squid, fish and crustaceans with some species having a 
preference for one over the other (Santos et al. 2001b, MacLeod et al. 2003, Santos et al. 
2007, Spitz et al. 2011, Wenzel et al. 2013). This is evidenced by the deep diving 
behaviour of beaked whales with foraging usually occurring at night (Au et al. 2013). 
Dives have been reported from tagged Cuvier’s whales to around 3000 m making it one 
of the deepest and longest diving marine mammals (Schorr et al. 2014). It is likely that 
different species inhabit different ecological niches thus allowing them to coexist 
without competing for resources (MacLeod et al. 2003). 
Aims 
Elucidating the effects of bottom-up or top-down processes on the marine ecosystem 
requires a comprehensive understanding of the trophodynamics of apex and upper 
trophic level predators. Dietary data of higher order predators may be formative in 
determining the structure of the marine ecosystem due to their sizeable consumption 
rates. The distribution of a predator is often correlated with the abundance and 
distribution of its preferred prey. Dietary analysis of top predators will increase the 
understanding of these marine trophic linkages. This research on the diet of toothed 
whales is pertinent to understanding whale population recovery from commercial 
hunting in the late 19th to early 20th century.  
Cephalopod beaks are often found in large numbers in toothed whale stomachs. 
Nevertheless, their contribution as an important prey resource in some instances has 
increasingly been questioned. Over the course of this study, Tasmania had a commercial 
deepwater fishery operating off the coast and provided a unique opportunity to obtain 
fresh specimens of squid species that would be otherwise difficult to obtain. The 
abundance of whale strandings in Tasmania further provided an archive of samples 
from deep diving oceanic whales that are logistically difficult to study in situ. Using this 
unique sample set, the objective of this research was to determine the importance of the 
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cetacean-cephalopod trophic relationship and subsequently infer regional resource 
partitioning using stable isotope analysis.  
Thesis structure 
This thesis is comprised of four data chapters that have been written as discrete 
manuscripts. As a result there is a small amount of textual repetition in the 
methodology and discussion sections between the chapters. These chapters focus on the 
predator-prey relationship for various cetacean species in the Tasmanian region, 
particularly as it relates to cephalopods. The objectives as they pertain to each chapter 
are described below. The cetacean-cephalopod relationship is synthesized in a final 
discussion chapter, followed by a reference list for the whole thesis.  
Chapter objectives 
Chapter 2 
Very little is known about the community structure of cephalopods from Tasmanian 
waters. Therefore, an isotopic analysis on commercially jigged or trawled cephalopods 
from inshore pelagic and deep waters obtained from local commercial fishermen was 
conducted to determine the habitat signature of specimens caught in this region. 
Moreover, isotopic analysis was used to determine the trophic structure of the 
cephalopod assemblage in these waters. These isotopic values were then used as 
comparisons for beaks collected from stranded whale stomachs. 
Chapter 3 
This chapter focussed on long-finned pilot whales that have a high mass stranding rate 
in waters off the coast of Tasmania. However, there is very little information on their 
foraging ecology for this region. Isotopic analysis was used to determine if their 
foraging was influenced by intrinsic factors such as age, sex or lactation status. 
Furthermore, since strandings occurred in different locations and years, stranding 
effects were investigated to delineate if there were changes or variability in foraging. A 
previous study using fatty acid analysis found that long-finned pilot whales (thought to 
have a mixed diet of fish and squid) had a predominantly myctophid prey signature. 
Isotopic analysis from the cephalopod community study in Chapter two as well as from 
the beaks from the stomach contents of the whales were used to help clarify the dietary 
fish versus squid conundrum. 
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Chapter 4  
Samples from mass strandings of sperm whales in Tasmanian waters were used to 
ascertain if foraging differed over time or space for this species. A previous study using 
stomach content analysis on sperm whales stranded in Tasmanian waters has revealed 
that they forage on a large diversity of cephalopods, greater than reported for other 
regions of the world. In this chapter, data on isotopic analysis on cephalopod beaks 
from the whale stomachs were used as biological samplers to further provide 
information on the cephalopod community structure in this region. A comparison of 
isotopic values of cephalopod beaks from the stomach contents with the skin from 
whales was used to determine if they were indeed a predominantly teuthophageous 
predator. Isotopic values of cephalopod beaks from the cephalopod fisheries samples 
(Chapter 2) were used as isotopic references for values of cephalopod beaks from whale 
stomachs to estimate the foraging habitat of the whale. 
Chapter 5 
Most beaked whales species (family Ziphiidae) are elusive and primarily strand singly. 
Isotopic analysis was used to provide further information on the trophodynamics of 
these seldomly observed whales. Comparisons of beaked whale isotopic values with 
other cetaceans were used to determine their trophic position in the Tasmanian region. 
Isotopic analysis of the squid beaks from a Cuvier’s beaked whale helped elucidate 
whether this species is likely to be teuthophageous. A comparison of isotopic values 
from a number of whale tissues was analysed to complement existing foraging 
information for individual animals and species. 
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CHAPTER TWO 
STABLE ISOTOPES DOCUMENT THE TROPHIC DYNAMICS OF 
CEPHALOPODS IN TASMANIAN WATERS 
 
 
Abstract 
Cephalopods are key organisms in the marine food chain serving as both voracious 
predators and a significant food source for other predators. Despite their importance 
there is a paucity of information on their trophic dynamics, particularly in some regions. 
The role of cephalopods were examined in a marine community in Tasmanian 
subtropical waters, off southeastern Australia, by examining the δ13 C and δ15N values in 
the lower beaks of animals captured incidentally by commercial fisherman. Beak δ15N 
values exhibited a graduating continuum over almost 2 trophic levels, ranging from 6.7 
± 1.1 ‰ (Moroteuthis ingens) to 12.0 ± 0.5 ‰ (Idioteuthis cordiformis). Based on δ15N 
values, the cephalopods ranged from lower trophic level crustacean feeders (secondary 
consumers) to higher trophic level fish feeders (quaternary consumers). Size was 
correlated with δ15N values for a subset of species indicating a dietary shift from lower 
to higher trophic levels as they matured. I. cordiformis was the most enriched in 15N in 
this study, with corrected δ15N isotopic values (15.8 ‰) exceeding that of the sperm 
whale Physeter macrocephalus (14.6 ‰), a top predator in this region. While 3 
Histioteuthis species showed little variation in the δ13C values of their beaks, δ15N values 
were all distinctly different (H. miranda 11.7 ± 0.8 ‰, H. atlantica 10.1 ± 0.5 ‰, H. 
macrohista 8.3 ± 0.9 ‰), providing evidence of resource partitioning among the 
species. There was a narrow range in beak δ13C values ranging from –18.6 ± 0.6 ‰ for 
M. ingens to –16.7 ± 0.3 ‰ for I. cordiformis in the Tasmanian community as a whole. A 
comparison of δ13C and δ15N values between beaks and soft tissues for 6 cephalopod 
species showed that on average, beaks relative to mantle, were slightly enriched in 13C 
(0.7 ‰) but highly impoverished in 15N (3.8 ‰). This suggests that the δ15N values of 
beaks need to be corrected when comparing with the muscle of other cephalopods or 
organisms. This study enhances our understanding of the trophic dynamics of 
cephalopods in Tasmanian waters. It also corroborates other findings that cephalopods 
are key components in many food webs including subtropical waters, occupying a range 
of trophic levels and are an important medium by which energy is transferred up the 
food chain.  
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INTRODUCTION 
Cephalopods are a significant component of many marine ecosystems. They are found in 
virtually all of the major marine environments from the poles to the tropics and from 
the shallow continental shelves to the deep ocean. Throughout these environments they 
play an important role as both predator and prey, occupying mid to high trophic levels 
in marine food chains (Coll et al. 2013). Pivotal to the management and conservation of 
cephalopod predators as well as cephalopod prey is the ability to quantify trophic 
relationships. Primarily, this is due to the distribution of preferred prey species 
correlating with the movement and distribution of the predator, in addition to the 
abundance of a predator within a specific habitat (MacLeod et al. 2003). Quantifying 
trophic relationships is of particular relevance in regard to cephalopods since squid 
populations are characteristically unstable (Rodhouse 2001) and extremely plastic in 
their response to varying environmental conditions (e.g. Jackson & Domeier 2003, Ichii 
et al. 2004, Pecl & Jackson 2008, Hoving et al. 2013). A rapid turnover in generations 
with a lifespan less than a year for many species (see reviews Arkhipkin 2004, Jackson 
2004) in concert with a cephalopod lifestyle defined by rapid, indeterminate growth 
(Jackson & O’Dor 2001) are key contributing life-history traits to this plasticity (Boyle & 
Boletsky 1996). Due to these features, environmental conditions can greatly influence 
growth rates and biomass over a fairly short time period thus significantly impacting 
predator or prey populations. Range expansion by the jumbo squid, Disodicus gigas may 
be a demonstration of this plasticity in response to changes in the marine environment 
(Field et al. 2007, Zeidberg & Robison 2007). Furthermore, D. gigas, an important prey 
item for top predators and a predator of lower trophic level organisms, appears to be 
central to the energy flow within the food chain of the pelagic ecosystem of the central 
Gulf of California (Rosas-Luis et al. 2008). A greater understanding of the role of 
cephalopods in the food chain both as predators and prey will enhance our 
understanding of how they may respond to environmental change (Rodhouse 2013). 
Cephalopods, particularly squid, are known to be important prey items of many top-
level predators such as marine mammals, sea birds and predatory fish throughout the 
world (e.g. Ruiz-Cooley et al. 2004, Cherel et al. 2009, Daneri et al. 2012, Monteiro et al. 
2015a, also see Collins & Rodhouse 2006 and Rodhouse 2013) including subtropical 
waters surrounding the island of Tasmania, off southern Australia. For example, marine 
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mammals such as the Australian fur seal Arctocephalus pusillus (Gales & Pemberton 
1994, Arnould et al. 2011), as well as long-finned pilot whales Globicephala melas 
edwardii (Walters 2005) and bottlenose dolphins Tursiops truncatus (Gales & 
Pemberton 1992) all consumed cephalopods as part of their diet. Furthermore, analysis 
of stomach contents from stranded sperm whales Physeter macrocephalus and from a 
single stranded pygmy sperm whale Kogia breviceps in Tasmanian waters suggested 
these marine mammals prefer a predominantly cephalopod diet (Evans & Hindell 
2004a, Beasley et al. 2013). Similarly, the little penguin Eudyptula minor forages on 
squid (Gales and Pemberton 1990) as does the the short-tailed shearwater Puffinus 
tenuirostris that breeds in Tasmania but undertakes long foraging trips to distant 
waters and consumes subantarctic squid as part of its diet (Weimerskirch & Cherel 
1998). Likewise, the southern lanternshark Etmopterus baxteri and brown lanternshark 
Etmopterus unicolor in Tasmanian waters also consume cephalopods, particularly 
deepwater cephalopods, as evidenced from stomach content data (Hallet & Daley 2011). 
While cephalopods are often important dietary components of many higher level 
predators, they can also be a higher order predator themselves. Cherel and Hobson 
(2005) showed that the colossal squid Mesonychoteuthis hamiltoni is a top level 
predator feeding on squid and fish while also being prey to apex predators such as 
sperm whales (Evans & Hindell 2004a) and sleeper sharks Somniosus cf. microcephalus 
(Cherel & Duhamel 2004). Squid are characterized as voracious but opportunistic 
predators with the ability to feed on prey of varying sizes and prey type including 
zooplankton, crustaceans, squid and fish (Boyle & Rodhouse 2005, Rodhouse 2013). 
Due to heavy feeding rates and a generalist feeding strategy for squid in conjunction 
with their plasticity in response to fisheries and environmental change, squid have the 
potential to highly impact functional relationships between prey and resource within 
the food web (Coll et al. 2013). It is therefore important to assess the cephalopod 
predator-prey relationship within the food chain. However, research on the diet of 
cephalopod species is limited, in part due to the prey of cephalopods being macerated 
by the beak and therefore hard to identify. Despite this difficulty, recent research by 
Pethybridge et al. (2012, 2013) highlighted the use of complementary techniques such 
as fatty acid analysis in conjunction with traditional dietary analysis to ascertain the 
trophic dynamics of Nototodarus gouldi and Todarodes filippovae respectively, caught in 
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Tasmanian waters. They confirmed a copepod – myctophid – squid food chain, similar 
to that identified in the Southern Ocean around South Georgia for Martialia hyadesi 
(Rodhouse et al. 1992) and around New Zealand, Macquarie and Heard Island for the 
onychoteuthid squid Moroteuthis ingens (Jackson et al. 1998, Phillips et al. 2002, 2003).  
Much of what we know about the trophic dynamics of Southern Ocean cephalopods 
stems from dietary studies of higher predators than as a result of dedicated scientific 
surveys focused on cephalopods (Rodhouse 2013). Subsequently, the difficulty in 
capturing oceanic and deepwater species has prompted the use of a technique that 
infers composition, abundance, and distribution of cephalopods based on beaks 
identified from predator stomachs (Cherel et al. 2004, Ménard et al. 2013). This 
technique involves conducting stable isotope analysis on identified cephalopod beaks 
from predator stomachs that are used as biological samplers of cephalopods. As a result 
our understanding of the trophic ecology of cephalopods, especially deep-sea 
cephalopods, as well as the feeding ecology of the predator themselves has been 
furthered, including knowledge of new trophic structures and communities (Cherel & 
Hobson 2005, Cherel et al. 2009, Ruiz-Cooley et al. 2012, Xavier et al. 2015).  
δ15N values show a predictable stepwise enrichment with each increasing trophic level 
and have been successfully used to determine both the trophic level and existing 
relationship between predator and prey (Herman et al. 2005, Ruiz-Cooley et al. 2012). 
In contrast, δ13C values vary little along the food chain and are used to signify the 
primary source of the food chain, making it an extremely useful indicator for migration 
patterns when the ratio of the consumer is compared to isotopically distinct 
geographical regions (Kurle & Worthy 2002). 
The overall rationale of this study was to use stable isotope analysis to provide insights 
into the trophic relationship and feeding habits of a cephalopod community in waters 
surrounding Tasmania, Australia, north of the Subtropical Front. This project used only 
beaks from cephalopods caught predominantly by fishermen as by-catch at known 
times from known locations to help determine the trophodynamics of the cephalopod 
community in the subtropical waters of this region specifically, but also in comparison 
to other areas. Moreover, since different tissues have varying turnover rates (renewal 
time of tissue) a separate objective was to compare soft tissues (mantle and buccal 
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mass) with the hard tissue of the beak in various cephalopod species. Different tissues 
subsequently have different discrimination factors (the isotopic difference between the 
consumer and its food). In the absence of muscle tissue, the isotopic difference between 
the soft tissues (e.g. mantle) and hard tissue (beak) provides a correction factor for the 
beak when comparing beaks to predator tissues.  
METHODS 
Collection details 
Cephalopod samples were collected opportunistically from waters around Tasmania, 
Australia in the ocean north of the Subtropical Front to examine the trophic ecology of 
species via isotopic analysis. Each fishing season squid were obtained incidentally from 
the commercial deepwater trawl fishing industry operating off southern and eastern 
Tasmania from 2001 to 2006. Similarly, samples of Sepioteuthis australis, Nototodarus 
gouldi, Sepia apama and Octopus maorum were obtained from other commercial 
fishermen operating in nearshore Tasmanian waters (Figure 2.1). Cephalopods from 
other regions used for trophic comparative purposes were obtained by trawling 
undertaken by research vessels. Specimens of Slosarczykovia circumantarctica were 
obtained from a research cruise on the vessel RV Aurora australis during June 2000 
from waters around Macquarie Island (54S, 159E). Likewise, Histioteuthis eltaninae 
and Galiteuthis glacialis were collected on a cruise around Macquarie Island undertaken 
on the vessel RV Aurora australis using an International Young Gadoid Pelagic Trawl 
(IYGPT) during December 2000 and January 2001. Samples of Moroteuthis ingens from 
New Zealand Southern Plateau subantarctic waters (~48S, 168E) were acquired from 
a research cruise on the RV Tangaroa, equipped with a bottom trawl, during December 
2000. M. ingens samples were also obtained from a research cruise on the RV Aurora 
australis during June 2000 from waters around Heard Island. (53S, 73.3E). In April 
2006 a sample of Sthenoteuthis oualaniensis was obtained from a research cruise in 
northeast Australia, inshore off Mooloolaba, Queensland (26.7S, 153.1E) (Table 2.1). 
Upon capture cephalopods were either immediately frozen on board ship or packed 
fresh on ice until port. At port the frozen squid were stored in a -20C freezer until 
further analysis while the fresh squid kept on ice were either frozen or immediately 
dissected. A subset of five squid species and one octopus species, used for isotopic 
comparison between tissues and beak, were all frozen prior to dissection.  
  
Table 2.1 Capture details for all cephalopod species in this study, along with number (n), habitat and range in dorsal mantle length in 
mm (DML) of specimens for each species. SAW, subantarctic water; STW, subtropical water. 
 
Family Species Capture Date Location Habitat n DML range 
(mm) 
Sepia Sepia apama Dec 2002 West Coast Tasmania STW, neritic 9 130-205 
Loliginidae Sepioteuthis australis Jan 2007 East Coast Tasmania STW, neritic 9 234-350 
Enoploteuthidae  Ancistrocheirus 
lesueuri 
Aug 2002 Tasmania STW, pelagic 1 210 
Octopoteuthidae Octopoteuthis sp. Nov 2000, Mar 
2003, Feb/Apr 
2004, 1 unknown 
South Coast 
Tasmania 
STW, 
benthopelagic 
9 105-194 
  Taningia danae Dec 2001, Jan 2002, 
May 2002, Oct 2002 
South Coast 
Tasmania 
STW, pelagic 4 165-749 
Onychoteuthidae  Moroteuthis ingens Jan 2002, Dec 2003 South Coast 
Tasmania 
STW, 
benthopelagic 
9 430-563 
  Dec 2000 NZ Southern Plateau SAW, 
benthopelagic 
29 235-461 
  Feb 2000 Heard Island SAW, 
benthopelagic 
8 190-225 
Lepidoteuthidae Pholidoteuthis 
boschmai 
Nov 2005 East Coast Tasmania STW, pelagic 1 505 
Histioteuthidae Histioteuthis atlantica April/May 2002, 1 
unknown 
South Coast 
Tasmania 
STW, pelagic 15 47-290 
  Histioteuthis eltaninae Dec 2000/Jan 2001 Macquarie Is SAW, pelagic 12 52-140 
 Histioteuthis 
macrohista 
Apr/May 2002, 
Feb/Mar 2004, Mar 
2005 
South Coast 
Tasmania 
STW, pelagic 9 45-60 
 Histioteuthis miranda May 2002 West Coast Victoria STW, pelagic 11 240-265 
Brachioteuthidae  Slosarczykovia 
circumantarctica 
June 2000 Macquarie Is SAW, pelagic 5 143-197 
  
Ommastrephidae Todarodes filippovae  East Coast and South 
Coast Tasmania 
STW, pelagic 53 285-538 
  Nototodarus gouldi Nov 2006 West Coast Tasmania STW, pelagic 9 256-317 
  Ommastrephes 
bartrami 
unknown  Victoria STW, pelagic 1 545 
  Sthenoteuthis 
oualaniensis 
Apr 2006 Mooloolaba, East 
Coast Australia 
STW, pelagic 9 215-292 
 Chiroteuthidae  Chiroteuthis veranyi Oct 2004, Mar 2005, 
1 unknown 
South Coast 
Tasmania 
STW, pelagic 3 120-210 
Mastigoteuthidae Idioteuthis cordiformis Oct 2003/2004 South Coast 
Tasmania 
STW, 
benthopelagic 
10 490-620 
Cranchiidae  Teuthowenia pellucida Feb/Mar 2004, Mar 
2005, 1 unknown 
South Coast 
Tasmania 
STW, pelagic 6 111-150, 1 
unknown 
  Galiteuthis glacialis Jan 2001 Macquarie Is SAW, pelagic 9 165-391 
Octopodidae Octopus maorum Dec 2006 South Coast 
Tasmania 
STW, benthic 5 151-200 
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Figure 2.1. Map of southeastern Australia showing sampling regions around Tasmania 
and off Victoria. STC = Subtropical Convergence, TAS = Tasmania, VIC = Victoria, NSW = 
New South Wales. 
 
Laboratory details  
Once defrosted, cephalopods were identified to species level where possible. For each 
specimen the dorsal mantle length (DML, mm) and sex was recorded. Prior to isotopic 
analysis lower and upper beaks were removed and stored in 70% ethanol. Beaks were 
subsequently removed from ethanol and cleaned with distilled water. Lower rostral 
lengths (LRL) for squid were measured with digital calipers to the nearest millimeter 
(mm). A small piece of the tip of the wing in the direction of growth was then sampled 
from each beak and rinsed with distilled water. The tip of the wing was chosen as it 
represents the most recent growth phase of the beak and hence squid growth (Cherel & 
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Hobson 2005). Beaks were not delipidated (after Cherel & Hobson 2005). Isotopic 
analyses in tissues of five species of squid and one species of octopus were undertaken 
by comparing the mantle and buccal mass tissues with beaks from the same individuals 
(Hobson & Cherel 2006). Replicate individuals were analyzed for each species. 
Approximately 1 cm2 pieces of mid-anterior mantle as well as small pieces of buccal 
mass were dissected, cleaned of any skin or mesentery and rinsed with distilled water. 
Samples were then frozen in preparation for isotopic analysis. Just prior to isotopic 
analysis, samples were freeze dried, ground to a small powder with a Wig–L-Bug and 
delipidated in cyclohexane. The ground mantle and buccal mass samples along with 3 
ml of cyclohexane were left to stand overnight in small covered test tubes under a fume 
hood. After delipidating overnight, samples were then centrifuged and cyclohexane 
removed with a pipette. Samples were subsequently subjected to two more cyclohexane 
rinses. Between rinses the samples were allowed to stand for another 1 - 2 hours. 
Following delipidation samples were left to dry uncovered under a fume hood 
overnight. Relative abundance of carbon (13C/12C) and nitrogen (15N/14N) stable 
isotopes was determined by a Finnigan Delta Plus Advantage stable isotope-ratio mass 
spectrometer at the University of Victoria, British Columbia, Canada. For isotopic 
analysis, beak wing tip samples were analyzed whole or cut in half for large specimens. 
For all isotopic analysis there was a 10 percent replication measurement for each 
isotopic sample run. The results of the isotopic analysis are presented in the usual δ 
notation relative to PDP belemnite for δ13C and atmospheric N2 (AIR) for δ15N. 
Replicate measurements of internal laboratory standards (DORM) indicated 
measurement errors of ± 0.1 ‰ and ± 0.2 ‰ for δ13C and δ15N, respectively. Ten 
percent replication within stable isotope runs revealed measurement errors of 0.2 ‰ 
for δ13C and 0.3 ‰ for δ15N.  
Statistical analyses 
A two-way full factorial mixed model analysis of variance (ANOVA) with tissue type and 
species as fixed factors and individual nested within species as a random term was used 
to determine if the isotopic discrimination between the mantle, buccal mass and beaks 
of different species was consistently different from one another. The trophic structure 
of the cephalopod community from Tasmanian waters was analyzed using ANOVA. 
While every effort was made to have similar samples sizes this was not always possible. 
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Species with less than three individuals were not used in the analysis. However, data 
was screened to meet assumptions of ANOVA. As much as possible similar sized animals 
were chosen for replication within a species. Closely related histioteuthid species were 
also examined to determine any resource partitioning within the family. 
In addition, ANOVAs were also used to establish if there was any seasonal, annual, 
location or sex differences in the average δ13C or δ15N values of beaks extracted from T. 
filippovae caught off the south and east coast of Tasmania between 2005 and 2006. For 
all additional species where there was a size range, correlation analysis was calculated 
between δ15N values from beaks and DML of individuals. Since δ15N values are used as 
an indicator of trophic level it was expected that any progressive increase in δ15N values 
with DML would signify a dietary shift to higher-trophic level prey.  
Similarly, a multivariate analysis of variance (MANOVA) with sex and size as the factors 
of interest was used to examine differences simultaneously in the average δ13C or δ15N 
values of beaks from M. ingens caught in New Zealand waters. Due to low numbers in 
size and sex for the Tasmanian and Heard Island samples, only New Zealand data was 
used in this analysis. Furthermore, to determine if location influenced the stable 
isotopic signature of the beaks of M. ingens, MANOVA was used to compare the average 
δ13C and δ15N values of beaks concurrently. Since a full size range of individuals was not 
available from each location, separate MANOVAs for large individuals caught from 
Tasmanian and New Zealand waters and smaller individuals from New Zealand and 
Heard Island were computed. 
All data was log-transformed, however where assumptions of a parametric test 
(normality) could not be met by transformation of the data, a non-parametric test was 
used. When a significant interaction or main effect was obtained in the full factorial 
models, a Tukey’s honestly significant post-hoc test was computed to determine where 
the significant group differences were occurring. 
RESULTS 
A total of 15 species of squid, one species of octopus and one species of cuttlefish from 
Tasmanian waters were analyzed to compare their δ13C and δ15N values (see Table 2.2). 
The δ13C and δ15N values for S. australis were obtained from muscle samples and 
corrected using the difference between three beaks and the mantle of the
  
Table 2.2. Dorsal mantle length (DML), lower rostral length (LRL), lower beak δ13C and δ15N values, and C:N mass ratio values of the 
squid species living in Southern Ocean waters around Tasmania. Histioteuthis eltaninae, Slosarczykovia circumantarctica and Galiteuthis 
glacialis from Macquarie Island and Sthenoteuthis oualaniensis from eastern Australia were used as comparisons. All values are means ± 
SD. ND = no data. Numbers in brackets indicate where numbers are less than the total n.  
Family 
 
Species 
 
n DML (mm) LRL (mm) δ13C (‰)  δ15N (‰) C:N mass ratio  
        
Sepia Sepia apama 9 114 ± 7 3.1 ± 1.3 –17.2 ± 0.3 8.3 ± 0.3 3.2 ± 0.2 
Loliginidae Sepioteuthis australis 9 285 ± 38 ND –17.2 ± 0.3 11.7 ± 0.2 2.9 ± 0.0 
Enoploteuthidae Ancistrocheirus lesueuri 1 210 6.5 –17.0 8.2 3.0 
Octopoteuthidae Octopoteuthis sp. 9 140 ± 35 (7) 7.7 ± 1.3 
(6) 
–18.3 ± 0.4 9.3 ± 0.7 3.1 ± 0.2 
  Taningia danae 3 212 ± 47 9.3 ± 0.6 –17.6 ± 0.4 8.8 ± 0.5 3.6 ± 0.2 
 Taningia danae 1 749 ND –18.2 8.5 4.0 
Onychoteuthidae Moroteuthis ingens 9 480 ± 52 11.5 ± 0.4 –18.6 ± 0.6 6.7 ± 1.1 3.3 ± 0.2 
Lepidoteuthidae Pholidoteuthis boschmai 1 505 9.3 –18.2 9.6 3.8 
Histioteuthidae Histioteuthis atlantica 11 162 ± 20 5.7 ± 0.4 
(10) 
–17.7 ± 0.4 10.1 ± 0.5 3.4 ± 0.2 
  Histioteuthis eltaninae 9 113 ± 12 3.5 ± 0.2 –21.1 ± 0.5 6.5 ± 0.6 3.5 ± 0.2 
  Histioteuthis macrohista 9 51 ± 6 3.5 ± 0.3 
(8) 
–17.8 ± 0.4 8.4 ± 0.9 2.3 ± 1 
  Histioteuthis miranda 11 248 ± 9 6.7 ± 0.3 –18.1 ± 0.1 11.8 ± 0.8 3.3 ± 0.5 
Brachioteuthidae Slosarczykovia circumantarctica 5 164 ± 20 3.6 ± 0.5 –22.7 ± 2.1 5.7 ± 1.6 2.9 ± 0.9 
Ommastrephidae Todarodes filippovae 10 425 ± 52 10.9 ± 1.5 –17.5 ± 0.2 8.3 ± 1.1 3.6 ± 0.3 
  Nototodarus gouldi 9 274 ± 18 8.0 ± 0.7 –17.4 ± 0.4 9.6 ± 0.6 3.4 ± 0.1 
  Ommastrephes bartrami 1 545 13.8 –17.0 7.1 3.4 
  Sthenoteuthis oualaniensis 9 244 ± 24 ND –17.8 ± 0.3 6.3 ± 0.3 3.4 ± 0.1 
Chiroteuthidae  Chiroteuthis veranyi 3 153 ± 49 7.6 ± 0.7 –17.9 ± 0.3 9.0 ± 0.2 2.5 ± 1.1 
Mastigoteuthidae Idioteuthis cordiformis 10 540 ± 42 13.9 ± 0.7 –16.7 ± 0.3 12.0 ± 0.5 3.4 ± 0.1 
Cranchiidae Teuthowenia pellucida 6 134 ± 14 (5) 3.7 ± 0.8 –17.9 ± 0.4 7.0 ± 1.9 2.3 ± 0.9 
  Galiteuthis glacialis 6 346 ± 32 4.0 ± 0.3 –20.8 ± 0.3 6.4 ± 1.1 3.3 ± 0.8 
Octopodidae Octopus maorum 5 169 ± 20 ND –17.2 ± 0.8 10.6 ± 0.4 3.2 ± 0.1 
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same individuals so as to be comparable to all other beaks. A correction value of – 1.0 
‰ and + 4.3 ‰ was used for correcting the mantle values of δ13C and δ15N respectively. 
Similarly, the δ13C and δ15N values of beaks for Octopoteuthis sp. were derived from 
correcting mantle/fin tissue values based on correction values of - 0.7 ‰ and + 3.8 ‰ 
respectively (see tissue comparison results below). Additionally, the isotopic values on 
another five species (M. ingens, S. oualaniensis, S. circumantarctica, G. glacialis, H. 
eltaninae) from different locations for comparative purposes were also determined.  
Tissue comparisons 
The isotopic signatures of beaks, buccal masses and mantles were dependent on species 
by site (mantle, buccal mass or beak) interaction for both δ13C (F10,90 = 27.1, p < 0.0001) 
and δ15N (F10,90 = 10.5, p < 0.0001). Overall, beaks had the highest δ13C values (–17.8 ± 
0.8 ‰) whereas the buccal masses had the lowest values (–18.8 ± 1.0 ‰). For all 
species, the δ13C values of beaks were on average 1.0 ‰ higher than buccal masses, 
except for S. oualaniensis where the beaks were similar to the buccal mass. Moreover, 
the δ13C values of beaks were on average 0.7 ‰ higher than mantles. The mantles in 
general were 0.3 ‰ more enriched in 13C than the buccal masses except for H. 
macrohista, which appeared to exhibit a marginal impoverishment between the tissues 
in comparison to other species. 
Overall the average δ15N values of the mantle from all species (11.9 ± 1.5 ‰) were the 
highest. There was an average discrimination factor of 0.6 ‰ and 3.8 ‰ between the 
mantle and buccal mass, and mantle and beak respectively. Similarly, the δ15N value of 
the buccal mass was on average 3.2 ‰ higher than the beak. The only exception to the 
overall pattern was for Histiotuethis macrohista where the buccal mass had similar or 
marginally higher δ15N values compared to the mantle (Figure 2.2). 
Ontogenetic differences  
There was no evidence of season, year, location or sex differences found in the beak δ13C 
and δ15N values of T. filippovae collected in Tasmanian waters. Consequently, all T. 
filippovae individuals were combined in a correlation analysis to determine if δ15N 
values progressively increased with size. The analysis revealed a moderate positive 
association between δ15N values and DML (r = 0.57, n = 53, p < 0.0001). Correlation 
analysis also revealed that the δ15N values of beaks were related to DML in H. eltaninae 
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(r = 0.73, n = 12, p < 0.01), Histioteuthis atlantica (Spearman’s rho = 0.84, n = 15, p < 
0.0001) and G. glacialis (r = 0.96, n = 8, p < 0.0001). All of the species revealed that the 
beaks became more enriched in 15N as DML increased. 
 
 
 
Figure 2.2. Differences in mean δ15N values for lower beak, buccal mass and mantle of 
Moroteuthis ingens, Nototodarus gouldi, Todarodes filippovae, Sthenoteuthis oualaniensis, 
Octopus maorum and Histioteuthis macrohista.  
 
 
Beak δ13C and δ15N values from individuals of M. ingens captured in New Zealand waters 
showed evidence of a sex x size interaction when compared simultaneously in 
multivariate space (Wilks lambda 2,25 = 4.6, p<0.05). However, this must be interpreted 
with caution due to an influential outlier in the δ13C value of a small female. 
Subsequently, when this observation was removed from the model, δ13C and δ15N 
isotopic values were shown to be dependent on size (Wilks lambda 2,24 = 8.2, p < 0.01) 
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and sex (Wilks lambda 2,24 = 3.6, p < 0.05) in multivariate space (Wilks lambda 2,24 = 8.4, 
p < 0.05). However, in univariate space δ13C and δ15N isotopic values were only 
dependent on size (F1,25 =7.9, p=0.01; F1,25 = 16.7, p < 0.0001 respectively). Beaks from 
larger individuals were on average more enriched in 13C by 0.8 ‰. Similarly, larger 
individuals of M. ingens (DML = 385 ± 44 mm) were more enriched in 15N than smaller 
individuals (DML = 258 ± 16 mm) by an overall increase of 1.7 ‰ (Figure 2.3). Females 
were more enriched in 13C than males by 0.5 ‰ but males (6.5 ± 1.5 ‰) had higher 
δ15N values than females (5.7 ± 1.0 ‰) (2ure 2.3). On average females (DML 380 ± 79 
mm) were larger than males (DML = 318 ± 49 mm). 
 
 
Figure 2.3. Lower beak δ13C and δ15N values of Moroteuthis ingens of different sizes and 
from different localities (Tasmania, New Zealand and Heard Island). Abbreviations: NZ, 
New Zealand; Tas, Tasmania, S, small; L, large; M, males; F, females. Values are mean ± 
SD.  Red squares indicate the New Zealand male and female individuals. 
 
The concurrent analysis of δ13C and δ15N values of beaks from larger individuals of M. 
ingens from New Zealand and Tasmania were shown not to be dependent on location. 
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Conversely, location did have an effect on the δ13C values of beaks from smaller 
individuals caught around Heard Island and New Zealand (Wilks lambda 2,15 = 3.88, p < 
0.05). ANOVA revealed that Heard Island individuals were more depleted in 13C (–20.8 ± 
0.4 ‰) than New Zealand individuals (–19.5 ± 0.8 ‰) (Figure 2.3). 
Trophic structure of Tasmanian cephalopod community 
The average δ13C and δ15N values of beaks from individuals of the Tasmanian 
cephalopod community as well as a comparison with squid from other locations were 
dependent on species (F 17,124 = 28.04, p < 0.0001, F 17, 124 = 33.77, p < 0.0001 
respectively). Although the ANOVAs for δ13C and δ15N values were rerun without 
outliers, there was no overall difference in the results and therefore both analyses were 
computed inclusive of outliers. The range in average δ13C values for the Tasmanian 
cephalopod community and comparison squid showed evidence of a gradual 
enrichment from –22.7 to –16.7 ‰. However, when examining only the Tasmanian 
cephalopod community the range was much more restricted (–18.6 ± 0.6 ‰ M. ingens 
to –16.7 ± 0.3 ‰ I. cordiformis). The beaks of the Tasmanian community as well as the 
comparison squid separated into three distinct groups based on δ13C values according 
to the post-hoc Tukey’s tests. S. circumantarctica which was the most depleted in 
carbon (–22.7 ‰) separated into its own group as did H. eltaninae and G. glacialis (–
21.1 ± 0.5 and –20.8 ± 0.3 ‰, respectively) which are all from Macquarie Island. The 
third significantly different group, which was more enriched in 13C than the other two 
groups, contained all other cephalopods including all species from the Tasmanian 
community. S. oualaniensis from waters off eastern Australia and Histioteuthis miranda 
from the west coast of Victoria were both within the same restricted δ13C range as the 
Tasmanian community (see Figure 2.4). 
Tukey’s post-hoc tests revealed that beak δ15N values separated cephalopods into five 
groups with graduating enrichment (Figure 2.5). It is worth noting that the least 
enriched 15N group contained all of the comparison species (S. circumantarctica, G. 
glacialis, H. eltaninae and S. oualaniensis) but only included M. ingens and Teuthowenia 
pellucida from the Tasmanian community. Of the cephalopods most enriched in 15N, 
Idioteuthis cordiformis, H. miranda and S. australis were significantly different from any 
of the other groups. The overall range in mean δ15N values for the Tasmanian 
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community was 6.7 ± 1.1 ‰ (M. ingens) to 12 ± 0.5 ‰ (I. cordiformis) with a difference 
of 5.3 ‰ or 1.5 - 2 trophic levels (Figure 2.5). 
 
 
 
Figure 2.4. Beak δ13C values for cephalopods captured in the subtropical waters around 
Tasmania. Open square symbol refers to comparison species from Macquarie Island, 
Galiteuthis glacialis, Histioteuthis eltaninae and Slosarczykovia circumantarctica. Open 
circle symbol refers to Sthenoteuthis oualaniensis from eastern Australia. Lower case 
letters refer to groups according Tukey’s post-hoc test. S. circumant, S. circumanarctica; 
Octopo sp., Octopoteuthis sp. Values are means ± SD. 
 
 
An analysis of the average δ13C and δ15N values of beaks from three histioteuthid 
species from the Tasmanian community revealed that resource partitioning was 
dependent on species (Wilks lambda 4,54 = 16.84, p < 0.0001). Univariate analysis 
showed no separation based on beak δ13C values but histioteuthid beaks separated 
based on δ15N values (F2,28 = 46.81, p < 0.0001). Post-hoc Tukey’s test revealed that all 
species were distinctly different from one another. H. miranda had the highest δ15N 
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value (11.7 ± 0.8 ‰), followed by H. atlantica (10.1 ± 0.5 ‰) and H. macrohista with 
the lowest δ15N value (8.3 ± 0.9 ‰) (Figure 2.6). 
 
 
 
Figure 2.5. Beak δ15N values for cephalopods captured in the subtropical waters around 
Tasmania. Open square symbol refers to comparison species from Macquarie Island, 
Galiteuthis glacialis, Histioteuthis eltaninae and Slosarczykovia circumantarctica. Open 
circle symbol refers to Sthenoteuthis. oualaniensis from eastern Australia. Lower case 
letters refer to groups according Tukey’s post-hoc test. S. circumant, S. circumanarctica; 
Octopo sp., Octopoteuthis sp. Values are means ± SD. 
 
 
DISCUSSION 
Tissue comparisons 
As anticipated, this study indicated small variations in 13C between tissues of the same 
species of cephalopod compared to 15N. Overall, there was a 1 ‰ difference in δ13C 
values between the more enriched 13C buccal mass compared to the 13C depleted beaks 
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which is identical to that found for D. gigas (Ruiz-Cooley et al. 2006). However, it is less 
than the 1.4 ‰ found for another squid species Psychroteuthis glacialis when the whole 
beak as opposed to the wing tip was compared to the buccal mass (Cherel & Hobson 
2005). The overall difference in δ13C values between the mantle and beak of all 
cephalopod species was slightly less (0.7 ‰) than for the buccal mass but in accordance 
to that found for T. filippovae (0.6 ‰) (Cherel et al. 2009). Moreover, the δ13C values are 
similar to the discrimination factor between soft tissues and the beak obtained for 
cuttlefish Sepia officinalis reared in captivity and fed a known diet (Hobson & Cherel 
2006). These δ13C differences are also within the ranges found when comparing 
multiple tissues from the same individuals of other cephalopods (Hobson & Cherel 
2006, Cherel et al. 2009b). This suggests that using a correction factor for δ13C values of 
cephalopod beaks when comparing between beaks of different species of cephalopods 
or between beaks and potential prey is not essential.  
 
Figure 2.6 Beak δ13C and δ15N values of 3 histioteuthid species Histioteuthis miranda, 
Histioteuthis atlantica and histioteuthis macrohista from Tasmanian waters, Histioteuthis 
eltaninae is a comparison species from Macquarie Island. Values are means ± SD. 
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This study also confirmed that across a variety of cephalopod species the soft tissues of 
the mantle and buccal mass are more enriched in 15N than the hard chitinized beaks. 
Beaks contain a large amount of chitin (Hunt & Nixon 1981) which when compared to 
soft tissues and food is depleted in 15N (DeNiro & Epstein 1978) resulting in a lower 
δ15N value for the beaks. The overall difference between mantle and beak wing (3.8 ‰) 
for all our species corroborates the documented difference observed between the same 
tissues for T filippovae (3.5‰) caught in the southwestern Indian Ocean (Cherel et al. 
2009b). Similarly, these results support the 3 – 4 ‰ difference between the 15N 
enriched arm muscle and 15N depleted whole beaks found in P. glacialis (Cherel & 
Hobson 2005) and the buccal mass and whole wing of D. gigas (Ruiz-Cooley et al. 2006). 
Similarly, Hobson and Cherel (2006) found that soft tissues of Todaropsis eblanae, Illex 
coindetti, Loligo vulgaris and S. officinalis were substantially enriched in 15N relative to 
whole beaks (4.8 ‰). This highlights the need to use correction factors when using 
cephalopod beaks in assessing the trophic dynamics or organic pathways between both 
cephalopod predator and prey.  
Since dietary isotopic shift appeared to be similar between the cephalopod species in 
this study, it would suggest that when comparing beaks from different species they 
would not require correction. However, this will depend on the chitin to protein ratio of 
the beaks (Cherel et al. 2009b). Beaks vary in the chitin to protein ratio considerably, 
with undarkened wings of beaks having a greater chitin to protein ratio than darkened 
wings, which is associated with squid size and maturity (Miserez et al. 2007). Chitin is 
depleted in 15N relative to the predator’s prey and also has a C:N mass ratio that is 
higher than protein (Schimmelmann & DeNiro 1986). Subsequently, a beak with a high 
chitin to protein ratio is likely to have a lower δ15N value and a higher C:N mass ratio 
relative to a beak with lower amounts of chitin (Cherel et al. 2009b). This highlights the 
importance of examining the C:N mass ratio when comparing cephalopod beak δ15N 
values. A few species in this study had particularly low C:N ratios (i.e. Teuthowenia 
pellucida, H. macrohista, Chiroteuthis veranyi) and therefore need to be compared 
carefully (see Table 2.2). 
Using isotopic analysis on hard chitinous cephalopod beaks from predator stomachs to 
describe cephalopod trophic community structure has been useful in analyzing the 
trophic structure of poorly known cephalopod communities in various locations (Cherel 
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et al. 2009a, Xavier et al. 2014, Xavier et al. 2015, Negri et al. 2016, Seco et al. 2016). 
Ménard et al. (2013) were able to describe the importance of pelagic cephalopods in the 
western Indian Ocean based on the isotopic comparison of beaks found in the stomachs 
of a number of predatory fish and a seabird. Similarly, a top predator, the wandering 
albatross Diomedea exulans was used as a biological sampler to reconstruct cephalopod 
assemblages and examine trophic relationships in the south Atlantic and Indian sectors 
of the Southern Ocean (Guerreiro et al. 2015). A deepwater cephalopod assemblage in 
the northeast Atlantic was also documented using sperm whales as samplers (Cherel et 
al. 2009a).  
Ontogenetic changes 
Body size is a key factor in the structuring of marine food webs and consequently an 
important component in funneling the flow of energy up the food chain, from the 
smallest to the largest organism (Parry 2008). As expected, the increase in δ15N values 
with DML in the subset of five species of cephalopods analyzed in this study supports 
the theory of ontogenetic dietary shifts. Trophic analysis reveals for many fish and 
squid that dietary habits are size-structured (Revill et al. 2009). Cephalopods occupy a 
number of trophic levels throughout their lifespan. They prey on species lower in the 
food chain in their juvenile stages such as crustaceans. As they grow and mature, they 
shift to a primarily piscivorous diet (Rodhouse & Nigmatullin 1996). Uchikowa and 
Kidokoro (2014) found clear shifts with ontogeny in juvenile squid of Todarodes 
pacificus. The smaller juveniles preyed predominantly on crustaceans as opposed to the 
larger juveniles that shifted toward a predominantly fish-based diet. Stomach content 
analysis and fatty acid analysis confirmed a copepod – myctophid – squid food chain for 
M. ingens (Jackson et al. 1998, Phillips et al. 2003) and T. filippovae (Pethybridge et al. 
2013) in subtropical and subantarctic waters.  
The increasing δ15N values of squid and other marine organisms with increasing body 
size is considered to be a product of the accumulation of heavier isotopes resulting from 
feeding on larger bodied prey at higher trophic levels (Kurle & Worthy 2001, Kurle et al. 
2011). For T. filippovae in this study, the variability in isotopic values of δ15N was 
accounted for by size-related differences as opposed to sex, geographical or seasonal 
factors. This shift in diet resulting from size changes or ontogeny using isotopic analysis 
has been broadly reported for a number of squid species. Hunsicker et al. (2010) found 
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that adult Berryteuthis magister increased by approximately one trophic level compared 
to the juvenile life stages. A comparable difference of at least one trophic level (around 
3-4 ‰) across the lifespan was also documented for other oceanic squid such as 
Kondakovia longimana (Cherel & Hobson 2005) and T. filippovae (Cherel et al. 2009b). 
However, only half a trophic level was observed between large and smaller-sized M. 
ingens in this study (1.6 ‰) and also for M. ingens from Crozet and Kerguelen Islands 
(1.9 ‰) (Cherel & Hobson 2005). These results however may have possibly been due to 
a lack of specimens analysed at the lower end of the size spectrum. These positive 
correlations in δ15N values with DML probably correspond to a diet of crustaceans by 
smaller squid to predominantly mesopelagic fishes by the larger squid (Philips et al. 
2003, Cherel & Hobson 2005). Conversely, a greater shift in δ15N values was reported in 
the transition from juvenile (6 ‰) to adult Ommastrephes bartrami (13 ‰) (Parry 
2008). However, O. bartrami also reached a trophic plateau with size. This may be an 
effect of physical constraints on the squid or a lack of suitable prey items at higher 
trophic levels (Parry 2008). Ruiz-Cooley et al. (2010) found that based on isotopic 
analysis of the gladius of D. gigas, a smaller δ15N difference (2.2 ‰) was found over the 
lifespan of the largest squid analyzed. A similar value was found when analyzing the 
gladius of D. gigas caught off Peru which was found to initially increase in δ15N with size 
by 2.2 ‰ in the early part of its life, but then drop 4.6 ‰ near the latter part of its life, 
suggesting a late diet change from fish to euphausiids (Lorrain et al. 2011). This would 
tend to contradict the common findings of a systematic increase in δ15N and hence 
trophic level with age, but may reflect the plasticity of this species and highlight 
opportunistic feeding.  
In contrast to the pattern found for δ15N values among different species, only a small but 
significant difference in δ13C values (0.8 ‰) was found for larger compared to smaller 
sized M. ingens. Since benthic organisms are more enriched in 13C than pelagic 
organisms, this may reflect an ontogenetic descent to deeper waters by females with 
maturation. M. ingens is sexually dimorphic with females being larger (Jackson 1997). 
This difference in δ13C values may be correlated with an ontogenetic change in diet with 
growth, from crustaceans to mesopelagic prey, as evidenced by the change in δ15N 
values. However, the males had a small increase in δ15N values over the females (0.8 
‰). Since females cease to eat as they develop their huge egg mass, it would be 
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interesting to see if there is a δ15N plateau. The differences were small and may not be 
biologically significant since similar differences can be found with isotopic 
discrimination within individuals. Furthermore, Cherel and Hobson (2005) found no 
significant difference between the δ13C values of large and medium sized individuals of 
M. ingens from the Crozet and Kerguelen Islands. Future research may be able to shed 
more light on this. 
Community structure 
The Macquarie Island squids, H. eltaninae as well as S. circumantarctica and G. glacialis 
were used for δ13C comparisons with cephalopods caught in Tasmanian waters. The 
δ13C value of S. circumantarctica was significantly different from all other cephalopods, 
as was H. eltaninae and G. glacialis, which grouped together. The Tasmanian 
cephalopods showed a gradual increase in δ13C values from M. ingens (–18.6 ‰) to I. 
cordiformis (–16.7 ‰) that was the most enriched in 13C (Figure 2.4). The differences in 
δ13C values found between the Macquarie Island and Tasmanian cephalopods 
corresponded to the higher δ13C values typically found in warm subtropical waters at 
lower latitudes compared to the lower δ13C values documented for colder Antarctic 
waters at higher latitudes (Rau et al. 1982, Trull & Amand 2001). This geographical 
gradient in δ13C values is based on plankton food bases (phytoplankton and particulate 
organic matter, POM), which is in turn reflected in the δ13C values of higher trophic 
organisms (Veit-Kohler et al. 2013) and has been observed for a number of marine 
organisms such as zooplankton (Schmidt et al. 2003), leopard seals (Hall-Aspland et al. 
2005), penguins (Cherel & Hobson 2007) and other seabirds (Quillfeldt et al. 2010). The 
higher δ13C values of cephalopods from Tasmanian waters encompassed a relatively 
narrow range (Figure 2.4). The small δ13C gradient in this community may be 
interpreted in terms of benthic versus pelagic and nearshore versus offshore 
distribution, with benthic and nearshore/neritic being the most enriched in 13C (Kurle 
et al. 2011). I. cordiformis, the most 13C enriched is benthopelagic, followed by Octopus 
maorum, which is nearshore and benthic. Then there is a graduation from 
nearshore/neritic (S. australis and Sepia apama) to offshore oceanic and deepwater 
species. However, the deepwater squid M. ingens, suggested to have a benthopelagic 
lifestyle (Jackson 1993), had the lowest δ13C values. This is likely due to their 
consumption of pelagic prey (myctophids) as the consumer retains the δ13C and δ15N 
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values of their assimilated prey. Furthermore, δ13C values were not related to the size of 
individuals within the community, as there were large specimens at each end of the 
continuum. In contrast, size was related to δ13C values in a deep-sea cephalopod 
assemblage in the northeast Atlantic, signifying the large squid Taningia danae, and 
Lepidoteuthis grimaldi, with more enriched carbon values, lived in the bathyal. This 
relationship also suggests that some species adopt a more demersal lifestyle as they age 
(Cherel et al. 2009a).  
The δ15N values of the community of cephalopods living in waters around Tasmania 
spanned almost two distinct trophic levels. There was a graduating continuum spanning 
from 6.7 ± 1.1 ‰ (M. ingens) to 12.0 ± 0.5 ‰ (I. cordiformis). This span in trophic levels 
is similar to other cephalopod communities inferred from isotopic analysis of beaks 
from predators. The diet of stranded sperm whales from the north Atlantic revealed a 
δ15N continuum corresponding to approximately 1.5 trophic levels for deep-sea 
cephalopods (Cherel et al. 2009a). Similarly, the trophic relationship of the cephalopod 
assemblage estimated from the isotopic analysis of beaks from top predatory fish and 
seabirds feeding in the slope waters around the Kerguelen Islands showed that 
coexisting cephalopods fed along a continuum of two whole trophic levels (Cherel et al. 
2011). The large range in trophic levels exhibited by cephalopods from the Kerguelen 
community was potentially higher than that reported for other coexisting closely 
related marine organisms (Cherel & Hobson 2005). This is consistent with cephalopods 
occupying a wide range of trophic levels and underscores their generalist feeding 
strategy. Furthermore, a near continuous gradient of δ15N values or trophic levels 
points to an unstructured community of cephalopods feeding on a mixed diet sourced 
from a variety of trophic levels (Soares et al. 2014). Cephalopods are able to exploit 
resources across the entire food web. It is suggested that in ecosystems where the 
trophic width is broad the ecological features of the cephalopods vary. In contrast, in 
regions where the trophic width is narrow, the species seem to be more ecologically 
similar (Navarro et al. 2013).  
The gradual enrichment in 15N spanning almost two trophic levels for the Tasmanian 
cephalopod community strongly suggests, as has been suggested for subantarctic 
cephalopods, that their diet spans a continuum of lower trophic level crustacean-
feeders or secondary consumers to higher trophic level fish-feeders or quaternary 
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consumers (Cherel & Hobson 2005). M. ingens, which had low δ15N values in this study, 
is known to feed on euphausiids and mesopelagic fishes in the Southern Ocean (Jackson 
et al. 1998, Phillips et al. 2003). Based on a comparison between δ15N values of species 
in this cephalopod community, M. ingens was grouped with T. filippovae. Similarly, T. 
filippovae then overlapped with Nototodarus gouldi in the next group on the δ15N 
continuum, both of which have been documented as having a diet dominated by 
mesopelagic fishes but supplemented by squid and crustaceans in the Tasmanian region 
(Pethybridge et al. 2012). N. gouldi overlapped with O. maorum, which grouped with 
cephalopods with the highest δ15N values, and has been found to feed on crustaceans 
and fish in Tasmanian waters (Grubert et al. 1999) (Figure 2.5). 
M. ingens had the lowest δ15N values in the cephalopod community with similar 
corrected δ15N values (10.5 ± 1.1 ‰) to values previously recorded in subtropical 
waters for small pelagic and mesopelagic fishes such as myctophids (e.g. Lampanyctodes 
hectoris 10.6 ± 0.4 ‰, Maurolicus muelleri 10.2 ± 0.3 ‰, Symbolophorus barnadi 10.1 ± 
0.8 ‰, Diaphaus danae 9.6 ± 0.7 ‰, Davenport & Bax 2002). Similar δ15N values to that 
of the myctophid species may indicate that myctophids are less numerically important 
in the diet of M. ingens inhabiting subtropical waters. Guerreiro et al. (2015) also 
suggested that myctophids might not dominate the diet of M. hyadesi in the southern 
Indian Ocean as much as previously thought based on their similar δ15N values. M. 
ingens also shared the lowest δ15N value with Teuthowenia pellucida and Ommastrephes 
bartrami. The low δ15N value of the large muscular ommastrephid O. bartrami in this 
study was somewhat surprising but may be due to a trophic plateau as has been 
documented by Parry (2008). 
Taningia danae, in other cephalopod communities, has been reported as having one of 
the highest trophic values, similar to a sperm whale in the northeast Atlantic (Cherel et 
al. 2009a). However, in this study T. danae had relatively lower δ15N values than some 
other cephalopod species but similar to the much smaller Octopoteuthis sp. The likely 
reason for the difference in trophic position is size-related as δ15N values are positively 
correlated with DML (Cherel & Hobson 2005, Cherel et al. 2009b). T. danae beaks 
obtained from sperm whale stomachs from Tasmanian waters (Chapter 4) and the 
northeast Atlantic were considerably larger than in this present study. Beaks from 
Tasmanian sperm whales also support T. danae as being a high order predator (Chapter 
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4). The smaller sized T. danae in this study grouped with other species such as T. 
filippovae and N. gouldi that have a predominantly small pelagic or mesopelagic fish 
diet.  
The ammoniacal squid, I. cordiformis, had the highest δ15N values in this study and when 
corrected δ15N values of this species (15.8 ‰) were compared with isotopic signatures 
of top predators from this region, it had higher δ15N values than the sperm whales (14.6 
‰, Chapter 4) or pilot whales (12.2 ‰ Chapter 3). However, these corrected δ15N 
values are lower than values recorded for the colossal squid M. hamiltoni in Tasmanian 
subtropical waters (16.8 ‰ Chapter 4), which is a top predator in these and Kerguelen 
waters (Cherel & Hobson, 2005). Mastigoteuthids are deep water pelagic or 
benthopelagic squid, equipped with tentacular clubs that have small suckers that act 
much like ‘fly paper’ to anything that touches them. The relatively high trophic level of I. 
cordiformis in this study appears to contradict the assumption that this family may feed 
on copepods or other small epibenthic zooplankton (Vecchione et al. 2014). Braid and 
Bolstad (2014) also obtained similar δ15N values (15.5 - 16‰) for their specimens of I. 
cordiformis. When they analyzed the stomach contents using DNA barcoding they found 
the squid had fed on large pelagic birdbeak dogfish and snapper either actively or 
potentially by scavenging. 
The prey of histioteuthids in subtropical waters is poorly understood, and indeed 
worldwide, despite their documented occurrence as the most important prey 
numerically in the diet of sperm whales stranded in this region and others (Evans & 
Hindell 2004a). The small variation in δ13C values of H. atlantica, H. macrohista and H. 
miranda suggests that these three species live in closely related or overlapping habitats. 
Comparison of δ15N values showed they were significantly different than one another, 
with H. miranda having the highest δ15N values of all three species (11.7 ‰) and similar 
to I. cordiformis (12.0 ‰), the highest of any cephalopod in this study. H. miranda was 
approximately one trophic level higher than H. macrohista (8.3 ‰) with H. atlantica 
falling in between the two species (10.1 ‰) (Figure 2.6). It is interesting to note that 
the size of H. atlantica in this study based on LRL is the upper size of their bimodal 
distribution found in the diet of Antipodean wandering albatrosses Diomedea 
antipodensis and Gibson’s wandering albatrosses D. antipodensis from New Zealand 
Islands (Xavier et al. 2014). An examination of the C:N mass ratio reveals that H. 
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macrohista is also likely to be exhibiting a higher δ15N value compared to the other two 
species due to a possible low chitin to protein ratio as discussed previously. Prior 
research has shown that histiotheuthids appear to predominantly feed on fish and 
crustaceans while supplementing with squid (Voss 1969). Myctophid fishes are 
recorded as being the predominant fish prey of Histioteuthis celetaria, which consumed 
similar amounts of crustaceans and fish (Voss et al. 1998). Likewise, Quetglas et al. 
(2010) documented that fish (predominantly myctophids), crustaceans and 
cephalopods, in that order, were the main prey of Histioteuthis reversa and Histioteuthis 
bonnellii from the Mediterranean Sea. Clarke (1980) found crustaceans, squid and 
unidentifiable remains in a few specimens of H. miranda. A diet of crustaceans and fish 
dominated by myctophids and supplemented by squid seems likely for at least H. 
macrohista and H. atlantica as they appear to have similar δ15N values to other 
myctophid and crustacean eating squid such as T. filippovae and N. gouldi in the waters 
around Tasmania. It is probable that H. miranda may eat slightly larger fish or 
supplement their diet with larger fish or cephalopods to account for the higher δ15N 
value similar to other top predators in the region.  
There was no between species dependence on size with δ15N values for this cephalopod 
community. These results suggest that trophic position is not size-structured. 
Conversely, results from other studies report some marine communities are trophically 
structured according to body size (Cohen et al. 1993; Mancini et al. 2014). In the present 
study, large specimens of M. ingens and I. cordiformis were at both the lower and higher 
end of the δ15N continuum respectively. This corroborates that found for the 
cephalopod community in the northeast Atlantic (Cherel et al. 2009a). It also highlights 
the loose relationship between trophic position and body size and hence the complexity 
of web structuring within marine communities (Navarro et al. 2013).  
In summary, this study supports the view proposed by Coll et al. (2013) that squids 
predominantly occupy central to high trophic positions in the marine food chain 
providing an important link from the micro-nekton to higher level consumers. They are 
generalist feeders that source food from all trophic levels. Due to their abundance and 
diverse habitats it is expected that any variable affecting cephalopod populations may 
impact both the top-down flow from cephalopods to prey and from the bottom-up since 
they are key prey resources for a variety of predators. Isotopic analysis is an important 
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tool for analyzing the functional relationships between predator and prey. Isotopes can 
be further used to document the association between important dietary parameters in 
cephalopods and the subsequent relationship to environmental variability. 
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CHAPTER THREE 
DETERMINING THE ROLE OF CEPHALOPODS IN THE DIET OF 
PILOT WHALES IN TASMANIAN WATERS – WHAT DO STABLE 
ISOTOPES TELL US? 
 
 
Abstract 
Numerically, long-finned pilot whales (Globicephala melas edwardii) have one of the 
highest stranding rates in the world off the coast of Tasmania, Australia. Despite this, 
there is a paucity of documented information on their trophic dynamics. Stable isotopes 
of carbon and nitrogen were used to infer pilot whale foraging ecology based on δ13C 
and δ15N values from the skin of whales from 3 mass strandings (Maria Island, King 
Island and Marion Bay) off the coast of Tasmania, Australia (n = 147). Intrinsic factors 
such as age, sex or lactation status showed little or no effect on skin δ13C and δ15N 
values. However, there was a small but significant gradient in δ13C values between 
strandings with Maria Island (–16.9 ± 0.2 ‰) being the most enriched in 13C and 
Marion Bay (–17.8 ± 0.2 ‰) being the least enriched. Likewise Maria Island whales had 
higher δ15N values (13.2 ± 0.5 ‰) than King Island (12.2 ± 0.4 ‰) or Marion Bay (12.0 
± 0.4 ‰). The higher δ13C and δ15N values found for Maria Island whales may suggest a 
demersal or shelf foraging habitat in comparison to the other two strandings that 
appear to reflect a more pelagic oceanic habitat. δ13C and δ15N values of cephalopod 
lower beaks (n= 158) comprising 9 different families collected from pilot whale 
stomachs were determined for 4 strandings around Tasmania (including Maria Island 
and Marion Bay). For the most part, cephalopod beaks had similar or more 13C and 15N 
enriched isotope values in comparison to the whales. This suggests the pilot whales may 
also be consuming other organisms lower in δ15N values. Isotopic comparisons with 
other potential fish and cephalopod prey resources as well as other marine predators 
from the region highlighted the relatively low δ15N value for pilot whales. The data does 
not support an exclusive diet of either cephalopods or fish. However, the pilot whales 
appear to show plasticity in their foraging strategy, although being largely 
teuthophageous, with a preference for oceanic squids.  
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INTRODUCTION 
Assessing the diet and trophic relationship between top-level predators and their prey 
is essential for understanding the dynamics of the marine food chain. Furthermore, 
predator-prey relationships within a food web can be seminal in shaping the dynamics, 
productivity and stability of marine ecosystems (Young et al. 2015b). Marine mammals, 
including toothed whales, may play a key role in determining the structure and function 
of the marine food web due to their large size and subsequently high consumption rates 
of prey (Bowen 1997, Tollit et al. 2010). Therefore, pivotal to the conservation and 
management of toothed whale populations is the ability to identify their trophic 
linkages. This is primarily because the distribution of preferred prey species in both 
time and space, is likely to correlate with the movement, distribution and abundance of 
a predator within a specific habitat (MacLeod et al. 2003, Young et al. 2015a). 
Furthermore, field studies have indicated that reduced prey availability for some 
marine mammal predators has resulted in negative effects on their survival (Trites 
2002). 
 
 Notwithstanding the importance of identifying and documenting trophic linkages 
between marine mammals and their prey, there is relatively limited information on 
some species, especially toothed whales, from some regions of the globe. This is likely 
due to the logistics of obtaining quantitative assessments of pelagic wide-ranging and 
deep-diving predators. Correspondingly, there is a paucity of dietary reconstruction 
data of toothed whales from the southern hemisphere, including from southern 
Australian waters around Tasmania, one of the world’s stranding hotspots, with long-
finned pilot whales Globicephala melas edwardii being one of the highest stranders 
numerically (Walters 2005, Bradshaw et al. 2006). Whaling in the 1900s in the Tasman 
Sea has provided an opportunity to obtain foraging behavior for some species such as 
the sperm whale Physeter macrocephalus (Clarke 1980, Clarke & MacLeod 1982). 
However, the largest proportion of current dietary information from this region is 
based on stomach content analysis of stranded animals (e.g. Gales & Pemberton 1992, 
Evans & Hindell 2004a). Analysis of stranded individuals provides a representation of 
recent feeding and may not accurately reflect the normal diet or indeed the long-term 
diet. Foraging assumptions may be based on feeding undertaken close to the stranding 
site rather than from their natural foraging habitats (Evans & Hindell 2004a, Pierce et 
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al. 2004). Furthermore, the stomachs of stranded whales are often empty or near empty 
thus precluding a complete dietary analysis (Pierce et al. 2004, Beatson et al. 2007a, b). 
Differential digestion as well as partial ingestion may lead to under- or over-
representation of some prey (Pierce et al. 2004). Regardless of the limitations of 
stomach content analysis it remains an important technique that provides a key 
foundation for further ecological research using innovative biochemical dietary tracers 
that may help provide a greater resolution in trophic analysis (Tollit et al. 2010).  
 
While dietary studies on marine mammals have greatly expanded in the past decade 
with the use of stable isotopes, there is still a critical need to better understand the 
foraging ecology of toothed whales, in particular long-finned pilot whales in the 
southern hemisphere. Recent isotopic studies have highlighted the trophodynamics of 
this species in other areas of the world including Northwest Iberia, Scotland, United 
Kingdom, United States and the Faroe Islands from Atlantic Waters (Monteiro et al. 
2015a, b) as well as from Kerguelen waters in the Southern Indian Ocean (Fontaine et 
al. 2015). Additional dietary studies that have used stomach content analysis on 
stranded individuals were evaluated from around Portugal, Galicia and Scotland in 
northeast Atlantic waters (Santos et al. 2014). However, very little information exists 
for this species from subtropical waters around Tasmania. While all of these studies 
have suggested a predominantly cephalopod based diet or a catholic diet of 
cephalopods and fish for this species, a fatty acid analysis of this species from animals 
stranded around Tasmania suggested the possibiltiy of a myctophid based diet (Walters 
2005).  
Current biochemical techniques used as dietary tracers in many marine mammals, 
including whales, are not only able to define predator-prey relationships in the trophic 
pathway but actually reconstruct the diet at varying resolutions. Since signatures of 
prey are reflected in the consumer, ‘you are what you eat’ underscores the foundation 
upon which techniques, such as fatty acid and stable isotope analysis are based (DeNiro 
& Epstein 1978, 1981, Young et al. 2015a). Stable isotope analysis of nitrogen (δ15N) 
and carbon (δ13C) are common trophic analyses used extensively in many mammal, bird 
and fish studies (e.g. Ruiz-Cooley et al. 2004, Jaeger et al. 2013, Pethybridge et al. 2015). 
There is a predictable stepwise enrichment in 15N between predator and prey with each 
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increasing trophic level. δ15N values have been effectively used as a proxy for trophic 
position and indicator of an existing relationship between two organisms within the 
trophic pathway (e.g. Ruiz-Cooley et al. 2004, Herman et al. 2005). In contrast, although 
δ13C differs geographically at the base of the food web, there is very little variation along 
the length of the food web. Consequently, the δ13C value of an organism represents a 
signature of the primary source of the food in a region. Latitudinal gradients in δ13C at 
the base of the food web along with inshore/offshore and pelagic/demersal δ13C 
gradients provide essential clues in determing foraging and habitat useage by marine 
predators when the isotopic value of the consumer is compared to isotopically distinct 
geographical areas (Cherel & Hobson 2007). Stable isotope analysis of carbon and 
nitrogen on species from the stomach contents of a predator provide a greater 
understanding of the trophic ecology of not only the prey assemblage, but on the 
foraging ecology of the predator themselves (e.g. Cherel & Hobson 2005, Cherel et al. 
2009a).  
In recent years, stable isotope analysis using δ13C and δ15N has been used to investigate 
the role of various intrinsic and extrinsic parameters influencing the trophic ecology of 
marine mammals. Habitat preference and trophic position as well as niche overlap were 
documented for a variety of mammals (e.g. Aurioles-Gamboa et al. 2013). Staudinger et 
al. (2014) highlighted with the use of stable isotopes the substantial niche overlap 
between pygmy and dwarf sperm whales. Conversely, divergent isotope ratios in North 
Pacific killer whales Orcinus orca were shown to represent dietary preferences 
consistent with three ecologically distinct populations (Herman et al. 2005). 
Additionally, temporal variation in diet was recorded for both narwhals Monodon 
monoceros (Watt & Ferguson 2015) and for female Australian fur seals Arctocephalus 
pusillus doriferus (Arnould et al. 2011). Individual differences related to sex, size and 
age have also been demonstrated to influence foraging strategies undertaken by male 
South American fur seals Arctocephalus australis (Vales et al. 2015) and beluga whales 
Delphinapterus leucas (Marcoux et al. 2012).  
The aims of this study were to evaluate the trophodynamics of long-finned pilot whales 
Globicephala melas edwardii (hereafter referred to as pilot whales) from subtropical 
waters around Tasmania, Australia. Since direct feeding evaluations of these large 
odontocetes is logistically difficult, individuals from mass strandings, which are largely 
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free of bias due to disease, were used for this analysis. Four different objectives based 
on differences in δ13C and δ15N values were used to examine (1) the effect of intrinsic 
factors such as age, size, sex and lactation status on dietary selection, (2) extrinsic 
factors such as temporal and spatial patterns between pilot whales from three separate 
strandings, (3) the trophic relationship of pilot whales in relation to other organisms in 
the pelagic food web of the Tasmanian ecosystem, and (4) isotope values of actual prey 
and potential prey of pilot whales to determine if they have a myctophid (as suggested 
by previous fatty acid analysis, Walters 2005) or a predominantly cephalopod based 
diet as has been documented in many regions of the world. 
METHODS 
Sample collection 
Standardized stranding protocol (Geraci & Lounsbury 2005) performed by the 
Department of Primary Industries, Parks, Water and Environment (DPIPWE) for sample 
collections were undertaken on long-finned pilot whales that mass stranded on Maria 
Island and King Island (both November 2004) and on the beach at Marion Bay (October 
2005) around Tasmania, Australia (Figure 3.1). Approximately 1cm2 samples of skin 
were subsampled from large blocks of skin and blubber, which had immediately been 
packed on ice and later frozen and archived in a -20C freezer at the DPIPWE laboratory 
in Hobart. Where possible, most skin subsamples were from larger samples taken 
dorsally on a standardized body site just anterior to the dorsal fin. However, with the 
exception of one animal, Maria Island samples were obtained from a lateral body site. 
Comparison samples of dorsal, lateral and ventral skin to calibrate between body 
regions were taken from four whales stranded at Maria Island. For each animal a 
straight-line total length (cm) from the tip of the rostrum to the deepest part of the 
notch in the tail fluke was performed. Sex as well as lactation status for females were 
determined by the presence or absence of milk after applying pressure to the mammary 
glands where a small incision into the whale just posterior to the teats had been made. 
Furthermore, each animal was assigned to an age/maturity class according to length 
and maturity (i.e. adult, subadult and juvenile) based on protocol established from 
Bloch et al. (1993). Age estimates on pilot whale teeth from the Marion bay stranding 
were performed at the DPIPWE (after Bloch et al. 1993). Stomach contents were 
collected only from the Marion Bay and Maria Island strandings, as well as two 
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additional strandings at Bicheno (September, 1992) and Ocean Beach (January 2006) 
(see Figure 3.1). Cephalopod beaks from stomach contents were kept in 70 % ethanol 
until further analysis. All cephalopod beaks were subsequently identified to species 
level where possible. Ommastrephid beaks were not identified to species level, as there 
are a number of species occurring in this region and they are a more difficult group to 
differentiate based on beak morphology. Lower rostral length was measured with 
digital calipers to the nearest mm. 
 
  
 
Figure 3.1. Map of Tasmania (southeastern Australia) showing stranded pilot whales 
(Globicephala melas edwardii) sampling sites. 
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The skin of 14 adult female sperm whales from a mass stranding at Croppies Beach off 
on North-eastern Tasmania (see Figure 4.1) in November, 2002 were also subsampled 
using the same protocol as that provided above for pilot whales, for predator 
comparisons within this ecosystem. Likewise, samples were also obtained for other 
potential predator competitors as well as potential prey resources. In January/February 
2007 fish predator/resources were obtained from the local Hobart commercial fishing 
port that were collected off the southeast Tasmanian coast. However, redbait 
Emmelichthys nitidus, which were collected in February 2006, as well as jack mackerel 
Trachurus declivis and blue mackerel Scomber australasicus collected in June 2006 were 
obtained from waters off the east coast of Tasmania. Similarly, the myctophid 
Lampanyctodes hectoris was caught at a depth of 120 m on the shelf break off the east 
coast of Tasmania in October, 2006. All squid were collected incidentally each fishing 
season from the deepwater commercial trawl fishing industry operating off southern 
and eastern Tasmania from 2001 to 2006. Likewise, samples of Sepioteuthis australis, 
Nototodarus gouldi, Sepia apama and Octopus maorum were obtained from other 
commercial fishermen operating in nearshore Tasmanian waters (Chapter 2). Upon 
capture fish were packed on ice while cephalopods were either immediately frozen on 
board ship or packed fresh on ice until arrival at the port. Subsequently, the frozen 
squid were stored in a -20C freezer until further analysis while the fresh squid and fish 
kept on ice were either frozen or immediately dissected.  
Stable isotope analysis 
Once defrosted, cephalopods and fish were identified to species level where possible. 
Fork length for fish and dorsal mantle length (DML) for squid were measured to the 
nearest mm. Prior to isotopic analysis lower and upper beaks were removed from 
whole squid and stored in 70% ethanol. Cephalopod beaks from stomach contents, 
which had been stored in 70% ethanol, from long-finned pilot whales were also 
identified to species level where possible (Clarke 1986, Xavier & Cherel 2009). All beaks 
were subsequently removed from ethanol and cleaned with distilled water. Lower 
rostral lengths (LRL) for all cephalopods were measured with digital calipers to the 
nearest millimeter (mm). A small section of the tip of the wing in the direction of growth 
was then sampled from each beak and rinsed with distilled water. The tip of the wing 
was selected as it signifies the most recent growth phase of the beak and therefore the 
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most recent somatic growth (Cherel & Hobson 2005). Beaks were not delipidated (after 
Cherel & Hobson 2005). For isotopic analysis beak wing tip samples were analyzed 
whole or cut in half for larger specimens. Where possible, approximately 10 replicate 
individuals were analyzed for each potential prey species as well as for the LRL size 
mode of beaks from pilot whale stomach contents. 
Approximately 1 cm2 pieces of anterior dorsal white muscle behind the head for fish 
and mid-anterior ventral mantle for squid (two species) were dissected and cleaned of 
any skin or mesentery and then rinsed with distilled water. A similar sized piece of pilot 
whale and sperm whale skin was also subsampled from larger frozen samples of skin 
and blubber. Any remaining subcutaneous adipose tissue was removed with a scalpel 
and the subsequent sample rinsed in distilled water. All samples were then frozen in 
preparation for isotopic analysis. Just prior to isotopic analysis samples were freeze 
dried, ground to a small powder with a Wig–L-Bug® and delipidated in cyclohexane. 
The ground whale skin, fish muscle or squid mantle samples along with 3 ml of 
cyclohexane were left to stand overnight in small covered test tubes under a fume hood. 
After delipidating overnight, samples were then centrifuged and the supernatant 
removed with a pipette. Samples were subsequently subjected to two more cyclohexane 
rinses. Between rinses the samples were allowed to stand for another 1 - 2 hours. 
Following delipidation samples were left to dry uncovered under a fume hood 
overnight. Relative abundance of carbon (13C/12C) and nitrogen (15N/14N) stable 
isotopes was determined by a Finnigan Delta Plus Advantage stable isotope-ratio mass 
spectrometer at the University of Victoria, British Columbia, Canada. For all isotopic 
analysis there was a 10 percent replication measurement for each isotopic sample run. 
The results of the isotopic analysis are presented in the usual δ notation relative to 
Vienna PDP belemnite for δ13C and atmospheric N2 (AIR) for δ15N. Replicate 
measurements of internal laboratory standards (DORM) indicated measurement errors 
of ± 0.1 ‰ and ± 0.2 ‰ for δ13C and δ15N, respectively. 
Statistical analysis 
Repeated measures MANOVA was used to determine any differences between different 
body regions for skin collection (i.e. dorsal, lateral and ventral) on δ13C and δ15N values 
simultaneously. Moreover, ANOVA was used to confirm sexual dimorphism in pilot 
whales by examining if the body length of all animals was dependent on sex. 
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Correlational analysis on δ13C and δ15N values with length as well as age was used to 
determine if these intrinsic factors were influential in the foraging strategy of long-
finned pilot whales. Similarly, ANOVA was used to determine if there were any 
ontogenetic differences between assigned age/maturity classes (adults, subadults and 
juveniles). Furthermore, the effect of diet due to lactation, as expressed by δ13C and δ15N 
values, was also examined in adult/subadult females using ANOVA. Two-way factorial 
ANOVAs with sex and stranding as the factors of interest were used to assess potential 
intrinsic and extrinsic (temporal and spatial) effects on average δ13C and δ15N values 
separately. 
A comparison between δ13C and δ15N values of pilot whales for individual strandings 
and the squid beaks found in the stomachs of those animals were assessed using ANOVA 
to ascertain if the contents found in the stomachs reflected their diet. This was further 
assessed by examining the trophic discrimination factor, the difference between the 
consumer and its food (Bond & Hobson 2012), which is normally considered to be ~ 1 
and in the range of 2 – 5 ‰ for δ13C and δ15N respectively (Post 2002). The 
discrimination factor can also differ based on the species or the tissue examined. 
Different tissues have different turnover rates (or time for complete tissue renewal) 
that may range from days to weeks to months to years depending on the tissue 
examined (Tieszen et al. 1983, Caut et al. 2009, Borrell et al. 2013b). This would then 
reflect a different time period for dietary assimilation into tissues. Differences in the 
δ13C and δ15N values of muscle and beak tissues from the same individuals of squid have 
been documented (Cherel & Hobson 2005, Chapter 2). Therefore, values for δ13C and 
δ15N of cephalopod beaks were corrected to represent cephalopod muscle since beaks 
are approximately 0.7 ‰ more enriched in 13C and 3.8 ‰ more depleted in 15N 
(Chapter 2). Differences between the δ13C and δ15N values of the same prey species from 
different strandings were also compared using t-tests to determine if whales from 
different strandings were foraging in similar areas. Pilot whale comparisons between 
potential squid and fish predators/resources from Tasmanian waters were analyzed 
with ANOVA on δ13C and δ15N values separately. Samples were assessed for violation of 
assumptions of the parametric tests, including normality. Given the uneven sample 
sizes, prey or predator species with less than three individuals were not used in any 
analysis. As much as possible similar sized animals were chosen for replication within a 
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species. Post-hoc Tukey’s multiple comparisons were used when significant main or 
interaction effects were found. 
RESULTS 
Skin δ13C and δ15N values were determined for a total of 147 long-finned pilot whales 
from three strandings (King Island and Maria Island in November 2004 and Marion Bay, 
October 2005) around Tasmania. Skin sampling site (dorsal, lateral and ventral) 
showed no effect on δ13C and δ15N values when compared simultaneously (Wilks’ 
Lambda 4,10 = 0.80, p > 0.05). Skin δ13C and δ15N values ranged from –18.4 to –16.6 ‰ 
and 11.3 to 14.3 ‰ across all strandings, respectively. Likewise, whales across all 
age/maturity classes ranged in body length from 190 to 608 cm (Table 3.1). Only 
animals from the Marion Bay stranding were aged and females (n = 47) ranged in age 
from 2 to 32 years, while males (n = 25) ranged in age from 2 to 23 years (Table 3.1). 
Sexual dimorphism was evident in adults across all strandings (F1,110 = 193.59, p < 
0.0001) with males being longer than females (550 ± 4 and 435 ± 3 cm, respectively). 
No association between body length and skin δ13C and δ15N values was evident when 
assessed for males and females separately across all strandings. Conversely, when 
Marion Bay pilot whales were analyzed for male and females separately, males revealed 
a moderate negative correlation between body length and δ13C values (r = -0.57, p = 
0.004, n = 30). Females only exhibited evidence of a weak negative correlation between 
body length and δ15N values (r = -0.35, p = 0.006, n = 59). Body length and tooth 
increment number (estimated age) were highly correlated for Marion Bay males (r = 
0.90, p = 0.000, n = 25) and females (r = 0.89, p = 0.000, n = 59). Increment number 
however, did not correlate with δ13C and δ15N values in either sex. Across all strandings 
δ13C and δ15N values were correlated for both males (r = 0.79, p = 0.000, n = 45) and 
females (r = 0.69, p = 0.000, n = 96). Conversely, within individual strandings only the 
Marion Bay males resulted in a correlation between δ13C and δ15N values (r = 0.51, p = 
0.004, n = 30).  
No significant differences between allocated age/maturity classes (adults, subadults 
and juveniles) were found for skin δ13C and δ15N values across all strandings (both p > 
0.8) and within the Marion Bay stranding (both p > 0.2) where there were sufficient 
numbers for comparisons (Table 3.1). Subsequently, all whales were pooled within 
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strandings for the factorial ANOVA on δ13C and δ15N values with sex and stranding as 
the factors of interest. Pilot whales exhibited a significant sex x stranding interaction 
when comparing δ13C (F 2,136= 7.03, p=0.001) and δ15N (F 2,136= 6.04, p=0.003) values 
separately. Although the sex x stranding interaction accounted for 10% of the variation 
in δ13C values, of that 10%, location and sex accounted for 76% and < 1%, respectively. 
Tukey’s post-hoc multiple comparison tests using a new sex x location variable revealed 
that based on δ13C values all strandings were significantly different from one another. 
There was a gradient in δ13C values with Maria Island whales having the highest values 
(–16.9 ± 0.2 ‰) and Marion Bay (–17.8 ± 0.2 ‰) having the lowest, while King Island 
(–17.3 ± 0.2 ‰) had intermediate values. Any differences due to sex also depended on 
stranding with King Island and Maria Island males and females exhibiting similar δ13C 
values. However, although multiple comparisons showed that Marion Bay females had 
significantly higher δ13C values than males (0.2 ‰), it is not considered biologically 
significant. Similarly, as for δ13C, location accounted for the largest amount of variation 
(63%) in δ15N values with the sex x location interaction and sex accounting for 8% and 
9% of that variation in δ15N values, respectively. Tukey’s post-hoc multiple comparison 
tests using a sex x location variable showed evidence of differences in δ15N values due 
to sex were also related to stranding. All strandings were significantly different from 
one another with the respective males and females having similar values, except for 
Maria Island males and females that also segregated from each other. Although King 
Island females segregated according to stranding, they also had similar values to Marion 
Bay male and female whales (see Table 3.1). 
 Adult and subadult female whales from the Marion Bay and King Island strandings 
showed no evidence of their δ13C and δ15N values being dependent on lactation status 
(ANOVA, all p > 0.4). There were insufficient numbers of females from Maria Island with 
recorded lactation status to include in the analysis. 
The range in δ13C and δ15N values for the King Island (0.9 and 1.7 ‰, respectively) and 
Maria Island (0.8 and 1.7 ‰, respectively) strandings were very similar. Conversely, 
while Marion Bay whales exhibited a similar range in foraging locations (0.8 ‰ for δ13C 
values) they exhibited a greater range in δ15N values (2.9 ‰).  
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Stomach contents 
Cephalopod lower beaks (n = 158), comprising 9 different families, were collected from 
pilot whale stomachs from four different strandings around Tasmania (Bicheno, Ocean 
Beach, Maria Island and Marion Bay) from 1992 to 2005. Only whales from the Maria 
Island and Marion Bay strandings were also used for skin isotope analysis (see previous 
section). These beaks represented the predominant cephalopod species found in the 
stomachs of the whales in this study (> 95 %) across all strandings (Table 3.2). 
Carbon isotopes 
Beak 13C values of cephalopods from the stomach content of whales across all 
strandings ranged from –16.5 ‰ (Architeuthis dux, Bicheno and Marion Bay) to –18.6 ± 
0.8 ‰ (Lycoteuthis lorigera, male pilot whales Marion Bay), with an overall mean 
difference of 2.1 ‰. For individual strandings mean overall differences in 13C values of 
the beaks were 1.4 ‰ for Bicheno, 1.7 ‰ for Ocean Beach and 2.1 ‰ for Marion Bay. 
Whales from the Maria Island stranding only contained ommastrephid beaks. When 
compared between strandings Histioteuthis atlantica had significantly higher 13C 
values from Bicheno (–17.4 ± 0.6 ‰) than the Ocean Beach (–18.3 ± 0.3 ‰) stranded 
whales (U = 9, p = 0.015). However, no significant differences were found between 13C 
values for Ancistocheirus lesueuri or L. lorigera beaks (p > 0.05). Ommastrephids, which 
were found in whale stomachs from all four strandings differed in their 13C values 
(F6,43 = 9.9, p < 0.0001). Smaller beaks from Ocean Beach whales had the lowest 13C 
values (–17.8 ± 0.3 ‰) while larger beaks from Ocean Beach whales had the highest 
values (–16.6 ± 0.2 ‰) with an overall difference of 1.2 ‰. Between these two samples 
there was a graduating and overlapping continuum of 13C values (see Figure 3.2).  
 
  
Table 3.1. Age class (based on length, mm), sex, total length (mm), 13C and 15N values and C:N mass ratio values of pilot whale 
(Globicephala melas edwardii) skin from three strandings around Tasmania, Australia (Marion Bay, King Island and Maria Island). 
All values are means ± SD. ND = no data. Numbers in brackets indicate where numbers are less than the total n.  
Stranding Age/maturity 
class 
Sex n Total length 
(cm) 
13C (‰) 
 
15N (‰) 
 
C:N (mass 
ratio) 
 
Maria Island Adults Both 18 470 ± 53 –16.9 ± 0.2 13.4 ± 0.4 3.7 ± 0.1 
(November 2004)  Males 6 533 ± 45 –16.9 ± 0.3 13.9 ± 0.3 3.7 ± 0.1 
  Females 12 438 ± 12 –16.9 ± 0.1 13.2 ± 0.3 3.8 ± 0.1 
  Lactating 2 448 ± 8 –16.7 ± 0.2 13.1 ± 0.0 3.7 ± 0.2 
  Non-lactating  8 439 ± 10 –16.8 ± 0.1 13.3 ± 0.4 3.8 ± 0.1 
 Subadults Both 1 415 –16.8 13.0 3.8 
  Males 1 415 –16.8 13.0 3.8 
  Females 0     
 Juveniles ND 0     
 All classes  19 467 ± 53 –16.9 ± 0.2 13.2 ± 0.5 3.7 ± 0.1 
        
King Island Adults Both 31 455 ± 52 –17.4 ± 0.2 12.2 ± 0.4 3.8 ± 0.1 
(November 2004)  Males 6 548 ± 17 –17.3 ± 0.2 12.7 ± 0.4 3.7 ± 0.1 
  Females 21 437 ± 24 –17.4 ± 0.2 12.0 ± 0.3 3.8 ± 0.2 
  Lactating 10 434 ± 16 –17.4 ± 0.2 12.0 ± 0.3 3.8 ± 0.2 
  Non-lactating 11 439 ± 30 –17.4 ± 0.2 12.0 ± 0.3 3.8 ± 0.1 
 Subadults Both 4 323 ± 21 –17.2 ± 0.1 12.1 ± 0.4 3.8 ± 0.2 
  Males 2 320 ± 15 –17.2 ± 0.04 11.9 ± 0.6 3.6 ± 0.1 
  Females 2 325 ± 34 –17.3 ± 0.2 12.3 ± 0.1 3 .9 ± 0.1 
 Juveniles ND 1 264 –17.5 12.4 3.9 
 All classes  36 435 ± 71 –17.3 ± 0.2 12.2 ± 0.4 3.8 ± 0.1 
  
 
 
 
      
  
Marion Bay 
(October 2005) 
Adults  Both 68 461 ± 64 (67) –17.9 ± 0.2 11.9 ± 0.4 3.7 ± 0.1 
  Males 15 557 ± 40 –17.9 ± 0.2 11.8 ± 0.2 3.6 ± 0.1 
  Females 52 433 ± 38 –17.8 ± 0.2 12.0 ± 0.4 3.7 ± 0.1 
  Lactating 23 437 ± 39 –17.8 ± 0.1 11.9 ± 0.2 3.7 ± 0.1 
  Non-lactating 28 429 ± 37 –17.8 ± 0.2 12.0 ± 0.5 3.6 ± 0.1 
 Subadults Both 14 389 ± 44 –17.9 ± 0.2 12.1 ± 0.3 3.6 ± 0.1 
  Males 13 394 ± 42 –17.9 ± 0.2 12.1 ± 0.3 3.6 ± 0.1 
  Females 1 328 –17.9 12.1 3.6 
 Juveniles ND 7 247 ± 33 –17.8 ± 0.3 12.2 ± 0.5 3.6 ± 0.1 
 All classes   92 428 ± 88 (90) –17.8 ± 0.2 12.0 ± 0.4 3.6 ± 0.1 
 
All strandings   147 435 ± 81 
(145) 
–17.6 ± 0.4 12.2 ± 0.6 3.7 ± 0.1 
 
  
  
Table 3.2. Beak 13C and 15N values, lower rostral length (LRL) and C:N mass ratio values of cephalopod species retrieved from 
the stomach contents of pilot whales (Globicephala melas edwardii) from four strandings around Tasmania, Australia (Bicheno, 
Marion Bay, Maria Island and Ocean Beach). All values are means ± SD. 
 
Family Species n LRL (mm) 
 
13C (‰) 
 
Adjusted 
13C (‰) 
15N 
(‰) 
 
Adjusted 
15N (‰) 
C:N  
(mass ratio) 
Bicheno, September 1992         
Lycoteuthidae Lycoteuthis lorigera 14 5.5 ± 0.2 –17.9 ± 0.6 –18.6 ± 0.6 7.1 ± 1.2 10.9 ± 1.2 3.4 ± 0.2 
Enoploteuthidae Ancistrocheirus lesueuri 13 8.3 ± 0.2 –16.5 ± 0.3 –17.2 ± 0.3 10.4 ± 0.4 14.2 ± 0.5 3.3 ± 0.2 
Lepidoteuthidae Pholidoteuthis boschmai 4 12.5 ± 0.8 –17.4 ± 0.3 –18.1 ± 0.3 8.1 ± 0.7 11.9 ± 0.7 3.1 ± 0.3 
Architeuthidae Architeuthis dux 1 8.3 –16.5 –17.1 10.7 14.5 3.2 
Histioteuthidae Histioteuthis atlantica 8 4.6 ± 0.2 –17.4 ± 0.6 –18.1 ± 0.6 10.6 ± 1.1 14.3 ± 1.1 3.2 ± 0.2 
Ommastrephidae   10 10.5 ± 0.3 –17.3 ± 0.4 –18.0 ± 0.4 8.4 ± 1.4 12.2 ± 1.4 3.2 ± 0.3 
Chiroteuthidae Chiroteuthis capensis 6 5.4 ± 0.2 –17.4 ± 0.1 –18.1 ± 0.1 10.0 ± 0.6 13.8 ± 0.5 3.1 ± 0.2 
Cranchiidae Teuthowenia pellucida 13 4.4 ± 0.2 –17.6 ± 0.2 –18.2 ± 0.2 9.0 ± 0.9 12.8 ± 0.9 3.3 ± 0.3 
 Megalocranchia sp. 2 7.5 ± 0.4 –17.4 ± 0.3 –18.1 ± 0.3 9.7 ± 0.3 13.5 ± 0.3 3.5 ± 0.1 
         
Maria Island, November 
2004 
        
Ommastrephidae Ommastrephidae sp. 9 7.4±0.3 – 16.9 ± 0.3 –17.5 ± 0.3 10.5 ± 0.3 14.2 ± 0.3 3.2 ± 0.3 
         
Marion Bay, October 2005         
Lycoteuthidae Lycoteuthis lorigera 
(males) 
9 5.3 ± 0.3 –18.6 ± 0.8 –19.3 ± 0.8 6.1 ± 1.6 9.9 ± 1.6 3.4 ± 0.2 
 (females) 10 5.3 ± 0.1 –18.0 ± 0.8 –18.7 ± 0.8 7.1 ± 1.1 10.9 ± 1.1 3.3 ± 0.2 
 Lycoteuthis lorigera  19 5.3 ± 0.2 –18.3 ± 0.8 –19.0 ± 0.8 6.6 ± 1.5 10.4 ± 1.4 3.4 ± 0.2 
 (smaller) 8 3.5 ± 0.2 –18.5 ± 0.4 –19.2 ± 0.4 6.0 ± 1.1 9.8 ± 1.1 3.7 ± 0.4 
Enoploteuthidae Ancistrocheirus lesueuri 7 7.8 ± 0.7 –16.7 ± 0.7 –17.4 ± 0.7 9.2 ± 1.4 13.0 ± 1.4 3.2 ± 0.3 
Architeuthidae Architeuthis dux 1 9.8 –16.5 –17.2 7.3 11.1 2.9 
Ommastrephidae Ommastrephidae sp. 
(large) 
5 13.3 ± 0.3 –16.9 ± 0.3 –17.6 ± 0.3 8.7 ± 0.7 12.5 ± 0.7 3.4 ± 0.1 
 (small) 7 7.2 ± 0.6 –17.1 ± 0.2 –17.8 ± 0.2 11.1 ± 0.8 14.8 ± 0.7 3.2 ± 0.2 
         
  
Ocean Beach, January, 
2006 
        
Octopoteuthidae Octopoteuthis sp. 4 14.9 ± 0.7 –17.4 ± 0.3 –18.0 ± 0.3 11.5 ± 0.8 15.3 ± 0.8 3.3 ± 0.2 
Histioteuthidae Histioteuthis atlantica 8 4.3 ± 0.3 –18.3 ± 0.3 –18.9 ± 0.3 10.0 ± 0.8 13.7 ± 0.8 3.3 ± 0.2 
Ommastrephidae (small) 9 9.5 ± 0.3 –17.8 ± 0.3 –18.5 ± 0.3 7.8 ± 1.2 11.6 ± 1.2 3.4 ± 0.3 
 (medium) 5 12.5 ± 0.2 –17.3 ± 0.6 –18.0 ± 0.6 8.3 ± 1.6 12.1 ± 1.7 3.2 ± 0.2 
 (large) 5 14.2 ± 0.4 –16.6 ± 0.2 –17.3 ± 0.2 9.1 ± 0.8 12.9 ± 0.8 3.4 ± 0.2 
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Figure 3.2. Mean (± SD) δ13C and δ15N values for Maria Island (MI), King Island (KI) and 
Marion Bay (MB) pilot whale (Globicephala melas edwardii) skin with Ommastrephidae 
sp. beaks (corrected values, see Methods) from stomach contents of different size 
modes and from four different strandings (B, Bicheno; OB, Ocean Beach; MI, Maria 
Island; MB, Marion Bay). Values in parentheses represent mean lower rostral length 
(LRL) of beaks (mm). Beaks from two common ommastrephids (TF, Todarodes 
filippovae; NG Nototodarus gouldi) found in Tasmanian waters were included for 
comparison. The open symbols represent whale skin while the corresponding similar 
closed symbols represent Ommastrephidae sp. beaks from the respective whale 
stomach where applicable. 
 
Corrected 13C values of all squid prey from whale predator stomachs from all four 
strandings (Bicheno, Marion Bay, Maria and Ocean Beach) differed from pilot whale 
skin values for 13C of the Maria Island (F10,162 = 32.46, p < 0.0001) King Island (F10,179 = 
30.93, p < 0.0001) and Marion Bay (F10,235 = 29.1, p < 0.0001) strandings. Tukey’s 
multiple comparison tests revealed that Maria Island had similar 13C values to A. 
lesueuri (p > 0.05) but all other squid were significantly more enriched in 13C than their 
whale predators (all p < 0.01). King Island whale skin shared similar 13C values to A. 
lesueuri, large and small ommastrephids, Octopoteuthis sp. and Pholidoteuthis boschmai 
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(all p > 0.05) but had higher values than all other squids (Chiroteuthis veranyi, L. 
lorigera, medium ommastrephids, Teuthowenia pellucida, H. atlantica (all p < 0.05). 
Moreover, Marion Bay whales shared similar values to C. veranyi, large and small 
ommastrephids, Octopoteuthis sp., P. boschmai and T. pellucida (all p > 0.05). A. lesueuri 
was the only squid with higher 13C values (p < 0.0001) while H. atlantica and L. 
lorigera were significantly lower (both p < 0.0001) (Figure 3.3).  
 
 
Figure 3.3. Mean (± SD) δ13C and δ15N skin values for pilot whales (Globicephala melas 
edwardii) stranded at Maria Island (MI), King Island (KI) and Marion Bay (MB) (open 
symbols) in comparison to cephalopod beaks (corrected values, see Methods) from 
stomach contents (filled symbols) from all strandings (Bicheno, Maria Island, Marion 
Bay and Ocean Beach). AL, Ancistocheirus lesueuri; CC, Chiroteuthis capensis; HA, 
Histioteuthis atlantica; LL, Lycoteuthis lorigera; Meg, Megalocranchia sp.; Oct, 
Octopoteuthis sp.; Om (L), ommastrephids large; Om (S), ommastrephids small; PB, 
Pholidoteuthis boschmai; TP, Teuthowenia pellucida. 
 
When comparing 13C values of skin from the Marion Bay stranding with only corrected 
13C values from beaks from their respective stranding, values varied significantly 
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(F4,133 = 48.2, p < 0.0001). Based on Tukey’s post-hoc tests the pilot whales shared 
similar values to most squids (A. lesueuri, small and large ommastrephids) (p > 0.05) 
only segregating from the more depleted L. lorigera (p < 0.0001) (see Figure 3.4). 
Likewise, the 13C values of Maria Island whales (–16.9 ± 0.2 ‰) were significantly 
higher than the corrected 13C values of the ommastrephids (–17.6 ± 0.3 ‰) found in 
their stomachs (t26 = 7.77, p < 0.0001, 2 tailed) (see Figure 3.3). 
Nitrogen isotopes 
The mean 15N values of cephalopod beaks from pilot whale stomachs across all 
strandings ranged from 6.0 ± 1.1 ‰ (L. lorigera, Marion Bay) to 11.5 ± 0.8 ‰ 
(Octopoteuthis sp., Ocean Beach), with an overall difference in 15N values of 5.5 ‰ or 
equivalent to an estimated 1.5 - 2 trophic levels. The overall differences in 15N values 
for beaks for the Bicheno (3.5 ‰) and the Ocean Beach (3.7 ‰) stranding both 
approximated one trophic level. However, the greater overall difference in 15N values 
for the Marion Bay stranding (5.1 ‰) was only a little less than for all the cephalopod 
beaks from all strandings combined (5.5 ‰). There was no significant difference 
between 15N values for H. atlantica, A. lesueuri or L. lorigera when compared between 
strandings (all p > 0.05). In contrast, significant differences and a continuum of 15N 
values were indicated for ommastrephids within and between strandings (H = 30.634, 
df = 6, p < 0.0001). The overall mean difference between all ommastrephids was 3.2 ‰ 
(smaller Ocean Beach squid, LRL = 9.5 ± 0.3 mm, 15N = 7.8 ± 1.2 ‰ to smaller Marion 
Bay squid, LRL = 7.2 ± 0.6 mm, 15N = 11.1 ± 0.8 ‰). While there was a graduating 
increase in 15N values with increasing LRL for ommastrephids from the Ocean Beach 
stranding, those with the smallest LRLs from the Marion Bay and Maria Island 
strandings actually had the highest 15N values of all the ommastrephids, suggesting a 
mixture of species feeding at different trophic levels (Table 3.2, Figure 3.2). 
Corrected 15N values of all squid prey from whale stomachs from all four strandings 
likewise segregated from the whale skin values for the Maria Island (F10,162=33.89, 
p<0.0001), King Island (F10,179 = 36.14, p < 0.0001) and Marion Bay stranding (F10,235 = 
47.64, p < 0.0001). Tukey’s post-hoc multiple comparisons showed that while 
Octopoteuthis sp. had significantly higher 15N values than the Maria Island whales (p < 
0.05), only L. lorigera and medium ommastrephids were significantly lower (both p < 
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0.01). Maria Island whales shared similar 15N values to A. lesueuri, C. veranyi, H. 
atlantica, P. boschmai, large and small ommastrephids and T. pellucida (all p > 0.05). 
Both King Island and Marion Bay whales shared similar 15N values to large and 
medium ommastrephids, P. boschmai and T. pellucida (all p > 0.05). Similarly, whales 
from both strandings were lower than A. lesueuri, C. veranyi, H. atlantica, small 
ommastrephids and Octopoteuthis sp. (all p < 0.05), but significantly higher than L. 
lorigera (both p<0.0001) (Figure 3.3).  
When the 15N values of the Marion Bay pilot whales were compared to the 15N values 
of beaks only retrieved from their stomachs they also varied (F4,133 = 62.8, p < 0001). 
Tukey’s post-hoc multiple comparison tests revealed that the pilot whales shared 
similar values to the large ommastrephids (p > 0.05) but differed from all other beaks 
(all p < 0.01) with L. lorigera having significantly lower 15N values and the small 
ommastrephids and A. lesueuri having significant higher 15N values (Figure 3.4). Maria 
Island whales had a significantly lower 15N values (by -0.8 ‰) than the ommastrephid 
beaks from their respective stomachs (t26 = -4.87, p < 0.0001, 2-tailed) (Figure 3.3). 
 Potential cephalopod prey 
Carbon isotopes 
Skin of pilot whales from the three strandings (King Island, Maria Island and Marion 
Bay) and potential squid prey (using corrected 13C) from Tasmanian waters differed in 
both their 13C (F15,234 = 46.8, p < 0.0001) and 15N values (F15,234 = 83.9, p < 0.0001). 
Mean 13C and 15N values ranged from –19.2 ± 0.6 to –16.9 ± 0.2 ‰ and from 10.5 ± 
1.1 to 15.8 ± 0.5 ‰, respectively. Tukey’s post-hoc multiple comparison tests revealed 
that skin 13C values from all strandings differed significantly from each other (all p < 
0.0001) with the Maria Island stranding having the highest value and sharing a similar 
value to the neritic squid S. australis (p > 0.05). The King Island stranding did not 
segregate from inshore/demersal cephalopod species Idioteuthis cordiformis, O. 
moarum or S. australis (p > 0.05) but was significantly higher than all other squids (p < 
0.0001). Moreover, the Marion Bay whales shared similar 13C values to O. maorum, S. 
apama, N. gouldi, T. filippovae, or Taningia danae (all p > 0.05) but S. australis and I. 
cordiformis were more 13C enriched (p < 0.05). All other squids had significantly lower 
13C values than Marion Bay whales (all p < 0.05) (Figure 3.5, Table 3.3).  
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Figure 3.4 Mean (± SD) δ13C and δ15N skin values for Marion Bay pilot whales 
(Globicephala melas edwardii) (PW, open symbol) and cephalopod beaks (corrected 
values, see Methods) from their stomach contents (closed symbols). Omm (L) and Omm 
(S) refer to large and small ommastrephids respectively. 
 
Nitrogen isotopes 
Skin of pilot whales from King Island, Maria Island and Marion Bay and potential squid 
prey (corrected 15N values) also differed in their 15N values (F15,234 = 83.9, p < 
0.0001). Mean 15N values ranged from 10.5 ± 1.1 to 15.8 ± 0.5 ‰. Tukey’s post-hoc 
multiple comparison tests revealed that only the 15N values of beaks from M. ingens 
and from the slightly smaller T. pellucida (Chapter 2) were significantly lower than pilot 
whale values from all strandings (all p < 0.01). Marion Bay and King Island pilot whales, 
which did not differ from each other, also shared similar 15N values to Histioteuthis 
macrohista, S. apama, T. filippovae, T. danae and C. veranyi (all p > 0.05). All other 
cephalopods (N. gouldi, Histioteuthis atlantica, H. miranda, O. moarum, S. australis, I. 
cordiformis) had significantly higher 15N values than the Marion Bay and King Island 
whales (p<0.0001). Maria Island pilot whales shared comparable 15N values to C. 
veranyi, H. atlantica, N. gouldi, O. maorum and T. danae (all p > 0.05). However, only T. 
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filippovae, S. apama, H. macrohista, T. pellucida and Moroteuthis ingens were 
significantly more depleted in 15N (p < 0.0001) than Maria Island whales while all 
others were more 15N enriched (all p < 0.0001) (see Figure 3.5, Table 3.3).  
 
 
 
 
Figure 3.5. Mean (± SD) δ13C and δ15N skin values for Maria Island (MI), King Island (KI) 
and Marion Bay (MB) pilot whales (Globicephala melas edwardii) (open symbols) with 
potential cephalopod resources from Tasmanian waters (filled symbols). Corrected 
values were used for cephalopod beaks (see Methods). D, Taningia danae; F, Todarodes 
filippovae 
 
 
Potential fish prey 
Carbon isotopes 
Skin from pilot whales from the Maria Island, King Island and Marion Bay strandings 
and potential fish resources from Tasmanian waters differed in 13C values (F19,286 = 
108.86, p < 0.0001). Mean 13C values ranged from –19.7 ± 0.3 to –16.4 ± 0.2 ‰. Post-
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hoc multiple comparison tests highlighted that Maria Island whales had one of the 
highest 13C values with only gummy sharks Mustelus antarcticus being significantly 
higher (p < 0.01). The whales also shared a similar value to spikey oreos Neocytus 
rhomboidalis (p > 0.05) but segregated from all other fish and whales (all p < 0.01). King 
Island whales shared similar values to blue grenadier Macruronus novaezelandiae, 
mirror dory Zenopsis ebulosus, Nemadactylus macropterus, pink ling Genypterus blacodes 
and ribaldo cod Mora moro (p > 0.05) with only gummy shark, spikey oreos and the 
Maria Island whales being significantly more enriched in 13C (all p < 0.01) than the 
whales. All other fish had significantly lower 13C values than skin from the King Island 
whales (all p < 0.01). Skin samples from Marion Bay whales, which were significantly 
lower than both the King Island and Maria Island whales (both p < 0.0001), shared 
similar 13C values to blue grenadier, gemfish Rexea solandri, mirror dory, morwong, 
pink ling and ribaldo cod (all p > 0.05), but they segregated from the spikey oreos and 
gummy shark which were significantly more enriched in 13C (p < 0.0001). All other fish 
segregated due to having significantly lower 13C values (all p < 0.0001) (see Figure 3.6, 
Table 3.3). 
Nitrogen isotopes 
Skin samples from pilot whales from the Maria Island, King Island and Marion Bay 
strandings and potential fish resources also differed in 15N values (F19,286 = 92.0, p < 
0.0001). Mean 15N values ranged from 11.1 ± 0.4 to 15.4 ± 0.3 ‰. With the exception 
of redbait and L. hectoris (myctophid) which were significantly lower in 15N than all the 
pilot whales and other fish (all p < 0.01), post-hoc tests showed that both King Island 
and Marion Bay pilot whales shared some of the lowest 15N values along with blue-eye 
trevalla Hyperoglyphe antarctica and white warehou (all p > 0.05). King Island whales 
also did not segregate from blue mackerel (p > 0.5). All other fish had significantly 
higher values than the King Island and Marion Bay whales (all p < 0.0001). Maria Island 
whales that were significantly more enriched in 15N than whales from the other two 
strandings did not segregate from blue mackerel, jack mackerel, ocean perch 
Helicolenus sp., blue warehous Seriolella brama, silver warehouse Seriolella punctata, 
white warehous Seriolella caerulea and spikey oreo (all p > 0.05). Only redbait, L. 
hectoris and blue-eye trevalla had significantly lower 15N values (all p < 0.0001) than 
Maria Island whales. In contrast gummy shark, gemfish, morwong, mirror dory, ribaldo 
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cod, pink ling and blue grenadier had higher 15N values than Maria Island whales (all p 
< 0.01) (see Figure 3.6, Table 3.3). 
 
 
 
 
Figure 3.6. Mean (± SD) δ13C and δ15N skin values for Maria Island (MI), King Island (KI) 
and Marion Bay (MB) pilot whales (Globicephala melas edwardii) (open symbols) with 
potential fish resources (white muscle, filled symbols). Blue eye, Blue eye trevalla 
Hyperoglyphe antarctica; grenadier, Blue grenadier Macruronus novaezelandiae; BM, 
Blue mackerel Scomber australasicus; B warehou, Blue warehou Seriolella brama; Dory, 
Mirror dory Zenopsis ebulosus; Gemfish Rexea solandri; morwong, Jackass morwong 
Nemadactylus macropterus; JM, Jack mackerel Trachus declivis; Perch, Ocean Perch 
Helicolenus sp.; Ling, Pink ling Genypterus blacodes; Redbait Emmelichthys nitidus; Cod, 
Ribaldo cod Mora moro; SW, Silver warehou Seriolella punctata; Oreo, Spikey oreo 
Neocytus rhomboidalis; W warehou, White warehou Seriolella caerulea 
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 Marine predator comparisons 
Visual examination of pilot whale 13C and 15N values compared to values from other 
marine mammals (extracted from Davenport & Bax 2002) highlighted that although the 
pilot whales had similar 15N values to some of the predators they had the lowest 15N 
values of all the predators. Sperm whales, which are known to be squid feeding 
specialists have an almost identical 13C value to the pilot whales, but are approximately 
one trophic level higher. Furthermore, two top predators in this region, killer whales 
Orcinus orca (although slightly more depleted in 13C than the pilot whales) and the 
Australian fur seal (which has a similar 13C value to the Maria Island whales) are 
estimated to be 1 – 2 trophic levels above pilot whales. (Figure 3.7, see Table 3.3). 
 
 
Figure 3.7. Mean (± SD) δ13C and δ15N skin values of pilot whales (PW) (Globicephala 
melas edwardii) across all strandings (open symbol) in comparison with sperm whale 
skin and muscle from other predators (closed symbol). Marine mammals and little 
penguin values are taken from Davenport & Bax (2002). 
  
Table 3.3. Skin 13C and 15N values of pilot whales (Globicephala melas edwardii) in comparison to values from various 
organisms collected in Tasmanian waters, as well as from the Southeast Australian continental shelf (Davenport & Bax, 2002). 
All values are means ± SD. Habitat code: P (pelagic), D (demersal), O (offshore), I (inshore). 
 Sample or species Habitat Tissue δ13C (‰) δ15N (‰) 
 
N Source 
Pilot whale Globicephalus melas edwardii P/O skin –17.6±0.4 12.2±0.6 147 This study 
       
POM (particulate organic matter)   –21.5±0.2  5.7±1.4 91(δ 13C), 
81(δ15N) 
Davenport & Bax, 
2002 
Zooplankton       
mixed   –21.3±0.5 7.7±1.9 6 Davenport & Bax, 
2002 
crustacean   –20.2 7.4 1 Davenport & Bax, 
2002 
Cephalopods       
Sepia apama D/I beak –17.9 ± 0.3 12.1 ± 0.3 9 Chapter 2 
Idioteuthis cordiformis D/O beak –17.4 ± 0.3 15.8 ± 0.5 10 Chapter 2 
Sepioteuthis australis D/I muscle –17.2 ± 0.3 15.5 ± 0.2 9 Chapter 2 
Lycoteuthis lorigera P/O beak –18.9 ± 0.7 10.5 ± 1.3 41 This study 
Ancistocheirus lesueuri P/O beak –17.3 ± 0.4 13.8 ± 1.0 20 This study 
Octopoteuthis sp. P/O beak –18.0 ± 0.3 15.3 ± 0.8 4 This study 
Taningia danae (medium) P/O beak –18.3 ± 0.4 12.6 ± 0.5 3 Chapter 2 
Taningia danae (large) P/O beak –18.2 12.3 1 Chapter 2 
Moroteuthis ingens D/O beak –19.2 ± 0.6 10.5 ± 1.1 9 Chapter 2 
Pholidoteuthis boschmai P/O beak –18.1 ± 0.3 11.9 ± 0.7 4 This study 
Architeuthis dux P/O beak –17.2 ± 0.1 12.8 ± 2.4 2 This study 
Histioteuthis atlantica P/O beak –18.5 ± 0.6 14.0 ± 1.0 16 This study 
Histioteuthis macrohista P/O beak –17.8 ± 0.4 12.2 ± 0.9 9 Chapter 2 
Histioteuthis miranda P/O beak –18.7 ± 0.1 15.6 ± 0.8 11 Chapter 2 
Todarodes filippovae P/O beak –18.1 ± 0.2 12.2 ± 1.1 10 Chapter 2 
Nototodarus gouldi P/O/I beak –18.1 ± 0.4 13.4 ± 0.6 9 Chapter 2 
Chiroteuthis veranyi P/O beak –18.6 ± 0.3 12.9 ± 0.2 3 Chapter 2 
Ommastrephes bartrami P/O beak –16.3 10.9 1 Chapter 2 
Chiroteuthis capensis P/O beak –18.1 ± 0.1 13.8 ± 0.5 6 This study 
Teuthowenia pellucida P/O beak –18.3 ± 0.2 12.8±0.9 13 This study  
smaller P/O beak –17.9 ± 0.4 10.9 6 Chapter 2 
  
Megalocranchia sp. P/O beak –18.1 ± 0.3 13.5 ± 0.3 2 This study 
Octopus maorum D/O beak –17.8 ± 0.8 14.4 ± 0.4 5 Chapter 2 
       
Elasmobranch       
Gummy shark Mustelus antarcticus D/O White muscle –16.4 ± 0.2 15.4 ± 0.3 10 This study 
       
Myctophids        
Lampanyctoides hectoris Hector’s lanternfish P/O White muscle –18.8 ± 0.2  11.1 ± 0.4 10 This study 
Symbolophorus barnardi  P/O White muscle –19.4 ± 0.7 10.1 ± 0.8 5 Davenport & Bax, 
2002 
Diaphus danae  P/O White muscle –19.7 ± 0.8 9.6 ± 0.7 7 Davenport & Bax, 
2002 
Gymnoscopelus piabilis P/O White muscle –19.3 11.7 1 Davenport & Bax, 
2002 
       
Other fish       
Ribaldo cod Mora moro D/O White muscle –17.6 ± 0.2 15.0 ± 0.3 10 This study 
Blue grenadier Macruronus novaezelandiae P/O White muscle –17.7 ± 0.1 14.4 ± 0.4 9 This study 
Pink ling Genypterus blacodes D/O White muscle –17.5 ± 0.1 14.8 ± 0.4 10 This study 
Mirror dory Zenopsis ebulosus D/O White muscle –17.5 ± 0.2 15.0 ± 0.3 5 This study 
Spikey oreo Neocytus rhomboidalis D/O White muscle –16.9 ± 0.2 13.2 ± 0.3 10 This study 
Ocean Perch Helicolenus sp. P/O White muscle –8.4 ± 0.3 13.6 ± 0.6 10 This study 
Jack mackerel Trachus declivis P/O White muscle –18.9 ± 0.5 13.4 ± 0.4 10 This study 
Redbait Emmelichthys nitidus P/O White muscle –18.6 ± 0.2 11.2 ± 0.5 10 This study 
Jackass morwong Nemadactylus macropterus D/O White muscle –17.5 ± 0.4 15.1 ± 0.3 10 This study 
Gemfish Rexea solandri P/O White muscle –17.9 ± 0.2 15.3 ± 0.3 6 This study 
Blue mackerel Scomber australasicus P/O/I White muscle –18.5 ± 0.2 12.8 ± 0.3 10 This study 
Blue-eye trevalla Hyperoglyphe antarctica D/O White muscle –19.2 ± 0.3 12.3 ± 1.5 11 This study 
Blue warehou Seriolella brama D/O White muscle –19.7 ± 0.3 14.1 ± 0.5 10 This study 
White warehou Seriolella caerulea D/O White muscle –18.7 ± 0.5 12.6 ± 0.8 7 This study 
Silver warehou Seriolella punctata D/O White muscle –18.8 ± 0.5 13.1 ± 0.8 11 This study 
       
Sea bird       
Little penguin Eudyptula minor   –19.4 ± 0.6 13.0 ± 1.2 19 Davenport & Bax, 
2002 
 
 
 
      
  
Marine mammals       
Australian fur seal Arctocephalus pusillus 
doriferus 
 muscle –16.7 ± 0.5  15.8 ± 0.4 2 Davenport & Bax, 
2002 
Common dolphin Delphinus delphis P/O muscle –19.3 ± 0.8 13.3 ± 2.1 3 Davenport & Bax, 
2002 
Killer whale Orcinus orca P/O muscle –18.7 15.2 1 Davenport & Bax, 
2002 
Sperm whale Physeter macrocephalus P/O skin –16.7 ± 0.3 15.4 ± 0.3 14 This study 
Bottlenose dolphin Tursiops truncatus P/O/I muscle –20.1 ± 0.1 14.4 ± 0.5 5 Davenport & Bax, 
2002 
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DISCUSSION 
Intrinsic variation  
Pilot whales in this study revealed very little variation in skin 13C and 15N isotopic 
values within and between strandings due to intrinsic factors such as age, size or sex 
despite males and females being size-dimorphic. These factors normally would be 
expected to affect dietary selection based on the greater physiological demands on the 
larger males due to size or on females due to reproductive status. However, dietary 
shifts after weaning have been documented for juveniles of other marine mammals (e.g. 
South American fur seals, Vales et al. 2015, and grey seals Halichoerus grypus, Tucker et 
al. 2007). Likewise, 13C and 15N retrospective analysis on teeth from killer whales 
(Newsome et al. 2009) and sperm whales (Mendes et al. 2007b) has recognized 
ontogenetic shifts in diet from juveniles to adult. In this study a moderate negative 
relationship between 13C values and size was found for male pilot whales from the 
Marion Bay stranding. This may suggest that larger sized males may be diving deeper in 
the water column as proposed for false killer whales Pseudorca crassidens (Riccialdelli & 
Goodall 2015). However, similar to the results found by Fontaine et al. (2015) for pilot 
whales in Kerguelen waters, pilot whales from Tasmanian waters showed no major 
variations in foraging as they matured. 
The 15N values of juvenile pilot whales in this study did not follow the expected theory 
of an ontogenetic isotopic shift to the lower nitrogen values of subadult or adult values. 
Within and across all strandings, juveniles had the same 13C and 15N values as all 
other age/maturity classes. Although a mother’s milk has a similar 13C value to the calf 
(Newsome et al. 2009), a whole trophic level enrichment theory based on 15N values 
has been proposed where juveniles may be a trophic level above their mothers due to 
the juveniles ‘consuming’ their mothers (Jenkins et al. 2001). However, for a number of 
mammalian species the 15N values during lactation have not supported a general 
trophic enrichment based on 15N values in plasma between mothers and their nursing 
offspring, but rather may be species (Jenkins et al. 2001) or tissue specific (Habran et al. 
2010) or even related to nutritional stress (Valenzuela et al. 2010). However, it has 
been suggested that when the milk of a mother is compared to the juvenile’s tissue, the 
trophic enrichment based on 15N values is more visible (Cherel et al. 2015). It is 
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possible that the juveniles from the Tasmanian study were closer to being weaned and 
were consuming some prey rather than being wholly dependent on milk. As during the 
weaning process, the 15N values of the juvenile should theoretically approach that of its 
mother relative to the proportion of its food mimicking the adult diet (Jenkins et al. 
2001). However, Browning et al. (2014) found that independently feeding juvenile 
dolphins had significantly higher 15N values than adults even when fed the same diet. 
Nevertheless, Monteiro et al. (2015b) found that unweaned individual pilot whales with 
a body length less than 219 cm were enriched in 15N compared to larger pilot whales. 
Similarly, Fontaine et al. (2015) confirmed in their study that smaller long-finned pilot 
whales from Kerguelen waters generally had higher 15N values for skin and muscle 
compared to larger whales.  
Some sexually dimorphic cetaceans display sex-specific foraging strategies due to 
differing physiological needs or habitat use. This is particularly evident in sperm whales 
where differences in the diet of males and females based on stomach content analysis 
and retrospective isotopic analysis of teeth have been documented (Evans & Hindell 
2004a, Mendes et al. 2007a, b). This may possibly be due to sex-specific foraging 
strategies based on segregation of males from the natal pod after a certain age (Flinn et 
al. 2002, Mendes et al. 2007a). In contrast, little evidence for sex-related isotopic 
differences were evident for false killer whales based on retrospective analysis of teeth, 
suggesting there was no resource partitioning between males and females (Riccialdelli 
& Goodall 2015). While a portion of the differences in the 13C and 15N values can be 
attributed to sex differences in this study, the percent variation attributed to this factor 
is relatively small, particularly for δ13C. Fontaine et al. (2015) likewise found that sex 
did not contribute to the variation in δ13C values and only a small amount to the 
variation in δ15N values of pilot whales from Kerguelen waters. The variation in both 
δ13C and δ15N values were also found to be independent of sex for pilot whale 
populations from the Strait of Gibraltar (de Stephanis et al. 2008) and Atlantic waters 
(Monteiro et al. 2015b).  
In this study, lactation also failed to influence the trophic status of adult females when 
comparing the 13C and 15N values of lactating to non-lactating individuals. Due to the 
high energy requirements of lactation in mammalians, there is either a concomitant 
increase in food consumption or a shift in dietary habits (Valenzuela et al. 2010). Based 
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on lipid analysis of pilot whales from Tasmanian waters, Walters (2005) documented 
that blubber thickness, lipid content and lipid composition was likewise not dependent 
on reproductive status. It was suggested that pilot whales employ a reproductive 
strategy of continuous resource acquisition throughout the high energetic demands of 
reproduction and lactation, similar to other highly social whales such as sperm whales 
(Evans et al. 2003a). 
Extrinsic variation 
While individual differences in trophic ecology of marine mammals often account for 
some differences in the variation of δ13C and δ15N values, much of the variation in this 
study can be attributed to spatial or temporal differences. Differences in 13C values 
help to delineate foraging strategies and habitats. Geographical variation in the foraging 
habitats of marine predators can be attributed to variation in δ13C values at the base of 
the food web due to latitudinal, inshore/offshore or pelagic/benthic gradients (e.g. 
Cherel & Hobson 2007). Inshore or demersal habitats are more 13C enriched than 
offshore or pelagic habitats due to higher nutrient concentrations and subsequently 
greater productivity (France 1995, McMahon et al. 2013).  
A small but significant overall gradient in 13C values (+ 0.9 ‰) was found across the 
three strandings in this study. Maria Island whales were the most enriched in 13C. These 
whales shared values similar to the oceanic demersal fish, spikey oreo, or neritic squid, 
S. australis. If whale skin is corrected to reflect muscle tissue, since whale skin is slightly 
more enriched in 13C than muscle (+ 0.7 ‰, Fontaine et al. 2015) it is likely that the 13C 
values will reflect more closely other neritic (O. maorum and S. apama) or demersal (I. 
cordiformis) cephalopod species as well. Unadjusted 13C skin values are also similar to 
values documented for the neritic Australian fur seal (Davenport & Bax, 2002) that 
feeds predominantly over the shallow shelf of Bass Strait (Arnould et al. 2011) but also 
identical to the deep-diving oceanic sperm whale (see Figure 3.7, Table 3.3). Maria 
Island whales had a low diversity of cephalopods in their stomach contents with only 
ommastrephids that inhabit shelf and outer shelf waters around Tasmania, but no 
specifically neritic species such as S. australis or O. moarum. The ommastrephids in their 
stomachs did have comparable 13C values to their respective predators, suggesting that 
the squid were within their natural feeding habitat. However, in this study 
Ommastrephidae species were not differentiated based on their beak morphology. Of 
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the two common ommastrephid species found in these waters, both the shelf species N. 
gouldi and the oceanic species T. filippovae have previously been documented in two 
stranded pilot whales in Tasmanian waters. However, the former were a more 
numerically important prey item, along with other neritic cephalopods (Gales & 
Pemberton 1992).  
In comparison to the Maria Island whales, the skin samples of Marion Bay whales were 
the most depleted in 13C. They had similar 13C values to some slope demersal fish 
species that feed on benthic (e.g. morwong, pink ling) and pelagic prey (e.g. gemfish, 
blue grenadier) or shelf/slope species that prey on pelagic organisms from shelf waters 
(e.g. mirror dory) (Bulman & Koslow 2002). However, if whale skin 13C values are 
corrected to represent muscle, values approximated pelagic oceanic cephalopods (e.g. 
H. atlantica, H. macrohista, C. veranyi). Furthermore, only oceanic squid beaks were 
found in the stomachs of these whales. King Island whales, which had intermediate 
values were also similar to pelagic oceanic species but also shared comparable 13C 
values to some more neritic/demersal species.  
Although all three whale stranding periods were similar between the two years (see 
Table 3.1), differences in the 13C values due to temporal variability at the base of the 
food web resulting from changes in temperature and productivity (McMahon et al. 
2013) should not be discounted. Alternatively, a plausible explanation for the small 
differences exhibited in the 13C skin values may be due to differing foraging strategies. 
An offshore or pelagic foraging habitat for the Maria Island whales is unlikely as the 
data suggests a demersal or shelf foraging habitat. This is also supported by the slightly 
higher 15N values for the Maria Island whales which are a reflection of consistently 
richer 15N baseline for both inshore and demersal habitats (McMahon et al. 2013). On 
the other hand, the King Island and Marion Bay whales were more likely to be feeding in 
pelagic slope or oceanic waters.  
Variations in the diet of pilot whales due to seasonal, annual or geographical differences 
have been documented from previous studies on stomach content analysis (see Gannon 
et al. 1997, Santos et al. 2014). Stranded pilot whales from New Zealand waters have 
also shown evidence of a neritic versus oceanic diet for different whale strandings 
based on stomach content analysis, although it is unclear if this is due to unnatural 
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feeding prior to stranding (Beatson et al. 2007a, b, Beatson & O’Shea 2009). However, 
isotopic mixing models confirmed a coastal or demersal foraging habitat, as previously 
documented by stomach content analysis, for whales stranded in Northwest Iberia 
(Monteiro et al. 2015a). In contrast, whales stranded in Scotland had a more oceanic 
habitat and prey preference (Monteiro et al. 2015a). 
Pilot whale diet (fish versus squid) 
Dietary investigations based on stomach content analysis on long-finned pilot whales 
from various regions of the world suggest that they are predominantly, although not 
exclusively, a teuthophageous predator (Gannon et al. 1997, Santos & Haimovici 2001, 
De Pierrepont et al. 2005, Santos et al. 2014). Although pilot whales appear to be 
cephalopod specialist feeders, the variability in their diet based on temporal 
fluctuations and geographical regions suggests that they may be more generalist 
feeders, significantly influenced by the movement and abundance of prey resources 
(Santos et al. 2014). In the four strandings in this study where whale stomach contents 
were available, oceanic squids predominated. With the exception of ommastrephids, a 
common cephalopod family in all strandings, all species were ammoniacal squid 
primarily inhabiting the mesopelagic zone from slope to oceanic waters. However, 
common ommastrephids around Tasmania are known to inhabit shelf (Nototodarus 
gouldi) to oceanic waters (e.g. Todarodes filippovae). Furthermore, Octopoteuthidae 
may possibly be mesopelagic to demersal (Table 3.2). A number of other studies from 
various regions of the world, including Tasmania, have recognized both oceanic as well 
as neritic cephalopod species, including benthic octopods as significant prey (Gales & 
Pemberton 1992, Beatson et al. 2007a, b, Beatson & O’Shea 2009). This is in conjunction 
with a less important proportion of fish and invertebrates such as salps (e.g., Santos & 
Haimovici 2001, Spitz et al. 2011, Mèndez-Fernandez et al. 2012, Santos et al. 2014). In 
contrast, pilot whales from the mid-Atlantic have been documented as having a 
predominantly fish-based diet supplemented by squid (Overholtz & Waring 1991).  
Whether a predominance of fish or squid has relative greater dietary importance is a 
central question in the foraging strategy of pilot whales and for other marine higher 
order predators (e.g. Cherel et al. 2008). Historically, almost all of the dietary 
information for whales, including pilot whales, has come from stomach content analysis. 
Although this method provides an important taxonomic framework for documenting 
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the predator-prey relationship, there are some caveats (Young et al. 2015a). In stranded 
whales there are well known inherent sources of bias due to stomach content analysis 
that only represents a recent snapshot of the predator’s diet. Differential digestion of 
prey in addition to differing retention rates may significantly alter dietary estimates. 
Most dietary analysis is based on hard part analysis and although there is individual 
variation between and within predators the retention rates of most fish otoliths range 
from a few hours to a maximum of a few days. In contrast, cephalopod beaks that can 
get caught in the folds of the stomach lining may be retained from days to weeks or 
longer (Tollit et al. 2010, Xavier et al. 2011). This may lead to a comparative 
overestimation in the diet of cephalopods relative to fish. These biases are particularly 
relevant to studies on stranded whales since they may not have recently foraged in their 
natural habitat or may not even have been eating recently, skewing dietary estimations 
towards what is retained in the stomach the longest. 
Stomach content analysis on two long-finned pilot whales from Tasmanian waters 
documented a primarily cephalopod diet supplemented by fish (Gales & Pemberton 
1992). Conversely, fatty acid analysis on the blubber of stranded pilot whales from this 
region suggested a myctophid signature (Walters, 2005). However, an examination of 
13C values for four myctophid species from this region revealed that only the 
myctophid L. hectoris could be a potential prey resource (see Table 3.3). Consumers 
feeding primarily on L. hectoris from the Tasmanian shelf break waters include jack 
mackerel, blue warehou and blue grenadier (Blaber & Bulman 1987, Bulman & Koslow 
2002). While only the 13C values for blue grenadier paralleled the whales, the 15N 
values were significantly higher. However, since there may be differing discrimination 
factors for 15N between consumers and their prey the possibility of pilot whales also 
eating myctophids is not precluded. Nonetheless, the potential average discrimination 
factor between L. hectoris and all pilot whales would require a lower factor (1.1) than 
has previously been reported between skin values of closely related marine mammal 
species, such as the bottlenose dolphin, and their diet (Browning et al. 2014, Giménez et 
al. 2016). Furthermore, myctophids have not been documented as significant prey items 
in the stomach contents of pilot whales from this or other regions of the world. For 
example, there was evidence of ingestion of only two myctophids in pilot whales 
stranded in the western North Atlantic (Gannon et al. 1997). 
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An alternative explanation to the predominance of a potential myctophid diet in pilot 
whales may be secondary ingestion. Ommastrephids were a common prey item across 
all strandings. An examination of the diet of T. filippovae using stomach content analysis 
in addition to fatty acid analysis revealed a diet dominated by myctophids (Pethybridge 
et al. 2013). T. filippovae is a common slope/oceanic species in Tasmanian waters 
(Jackson et al. 2006). Likewise, the predominantly piscivorous portion of the diet of N. 
gouldi, a common ommastrephid inhabiting the continental shelf waters around 
Tasmania, was dominated by two mesopelagic fishes, including the myctophid L. 
hectoris (Pethybridge et al. 2012). Similarly, Ommastrephes bartramii in the central 
north Pacific was also found to have a diet dominated by myctophids (Watanabe et al. 
2004) as well as the jumbo squid Dosidicus gigas in the central Gulf of California 
(Markaida et al. 2008). This corroboration n of trophic data supports the proposal that 
myctophids are a significant prey for ommastrephids in outer shelf and oceanic waters 
(Rodhouse & Nigmatullin 1996). The predominance of ommastrephids in the diet of 
pilot whales in concert with their corresponding myctophid prey may explain the 
resulting fatty acid myctophid signature found by Walters (2005). This raises the 
question of a secondary trophic effect (see Cherel et al. 2008). Squid primarily have a 
protein metabolism, and therefore fats from their diet are dumped relatively unchanged 
into the digestive gland and excreted (Semmens 1998, Jackson & O’Dor 2001). If whole 
squid or digestive glands were used as a squid prey marker in fatty acid analysis, 
predators consuming squid would subsequently inherit the signature of the prey of the 
squid. This myctophid signature has also been found in the demersal onychoteuthid 
squid Moroteuthis ingens (Phillips et al. 2003). Even though M. ingens were not 
indicated in the diet of pilot whales, other oceanic squids from this region are likely to 
also consume myctophids, although this is still to be determined. 
In this study, evidence suggests a clear preference for oceanic squid based on a 
comparison of 13C values of pilot whales with beaks from stomach contents. However, 
the range in 13C values and 15N values suggests that they are also opportunistic. With 
the exception of L. lorigera and some medium sized ommastrephids, all other squid 
species represented in the stomachs from the four whale strandings displayed a similar 
15N value to the whales or were more enriched in 15N than any of the whale strandings, 
including their respective whale predators. Although Marion Bay whales consumed 
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squid with both similar and higher 15N values than themselves they also consumed a 
large number of L. lorigera which were the only squid from analyzed stomach contents 
that were consistently more depleted in 15N than the whales from all strandings. A 
difference of 1.6 ‰ between the skin of Marion Bay whales and L. lorigera suggests a 
very low discrimination factor. Correspondingly, only the smaller T. pellucida and M. 
ingens from other potential squid resources from Tasmania were significantly lower 
than all the whales. However, recent experimental feeding studies of captive bottlenose 
dolphins suggests that while the commonly assumed trophic discrimination factor of 1 
‰ for 13C is reasonable, a much lower trophic discrimination factor of 1.5 - 2 ‰ for 15N 
is likely, rather than the more commonly assumed values of 2 - 5 ‰ (Browning et al. 
2014, Giménez et al. 2016). In contrast, although the ommastrephids from the stomachs 
of Maria Island whales had similar 13C values, the squid beaks were significantly more 
enriched in 15N. If we are able to apply the turnover rate or retention time of 15N 
reported for the skin of bottlenose dolphins (i.e. greater than 100 days, Giménez et al. 
2016) we can assume that ommastrephids of this size were not their predominant food 
source in the months prior to stranding.  
While the data from this study suggests that pilot whales have a preference for oceanic 
squid, it is also likely that they may be supplementing their diet with other organisms. 
The much higher 15N value of the primarily teuthophageous sperm whale foraging in 
similar waters (Evans & Hindell 2004a) suggests they are feeding at approximately one 
trophic level higher than the pilot whales. Alternatively, pilot whales may be consuming 
smaller-sized squid since δ15N is positively related to cephalopod size (Cherel et al. 
2009b, Chapter 2). However, there was no evidence for this even given the diversity of 
cephalopod species consumed (e.g. Marion Bay and Bicheno strandings). Over extended 
time periods smaller beaks may be more likely to be retained in the folds of the stomach 
lining (Tollit et al. 2010). The fact that skin 15N values for the whales were equivalent 
or lower than most beaks from their stomachs, as well as many potential squid 
resources, supports the idea that they may be also ingesting less 15N enriched 
organisms simultaneously. This is irrespective of the discrimination factor between diet 
and whale skin possibly being lower than previously thought. For example, in the Bay of 
Biscay, in the Northeast Atlantic, pilot whales sometimes consumed large numbers of 
salps in addition to mostly small cephalopods and fish species (Spitz et al. 2011). 
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Gannon et al. (1997) documented the consumption of the small plankton-feeding fish 
Atlantic herring Clupea harengus, although there were relatively low numbers in 
comparison to cephalopods. However, given the strongly acidic stomachs of marine 
mammals, most fish hard parts may pass through the digestive system and be 
completely digested between one and three days after consumption (Tollit et al. 2010; 
Bowen & Iverson 2013). This is an inherent source of bias particularly for stranded 
whales as the timing and location of their recent foraging is unknown. 
In general, 13C and 15N values in this study are in agreement with that found for pilot 
whales by Davenport & Bax (2002). Like that found for many other studies on long-
finned pilot whales, intrinsic factors revealed little variation in δ13C and δ15N values for 
pilot whales. There is some support for differences due to foraging habitat (i.e. 
demersal/shelf versus slope/oceanic) although overall pilot whale isotopic values were 
fairly homogenous. This is the first study to compare actual isotopic values of pilot 
whale stomach contents to their respective predator. More of such comparisons are 
needed to provide definitive answers to the ongoing question of the relative importance 
of fish versus squid (or other prey) in the diet of marine mammals. Our isotopic data 
does not appear to support an exclusive diet of either cephalopods or myctophids. The 
pilot whales may exhibit a plastic foraging strategy, but largely teuthophageous, with a 
preference for oceanic squid (giving its strong myctophid fatty acid signature) and 
potentially supplementing their diet with other less enriched 15N organisms. These less 
enriched 15N organisms may be gelatinous and nearly impossible to detect in stomach 
contents of stranded whales. Furthermore, it is noteworthy that within the Tasmanian 
pelagic ecosystem, pilot whales had the lowest 15N value compared to most other 
marine mammal predators. 
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CHAPTER FOUR 
WHO IS AT THE TOP? – ASSESSING THE PREDATOR-PREY 
RELATIONSHIP OF SPERM WHALES 
 
 
Abstract 
The ability to provide appropriate management and conservation of recovering 
populations of whales demands a comprehensive understanding of predator-prey 
relationships. Moreover, this is even more essential for sperm whales (Physeter 
macrocephalus) given their remote foraging habitats in the oceanic meso- and 
bathypelagic zone. This study investigated the diet and foraging range of sperm whales. 
Stable isotope analysis on skin samples was used to investigate the diet of sperm whales 
from five mass strandings that occurred from 2002 to 2005 in waters around the Island 
state of Tasmania, off southern Australia. The average skin δ13C and δ15N values of 
sperm whales across all strandings (n = 39) were –17.1 ± 0.6 and 14.7 ± 0.8 ‰ 
respectively. Based on skin δ13 C and δ15N values, sperm whales from different 
strandings appeared to show low variation in foraging range but were confirmed to be a 
higher order predator in this region. Since sperm whales are largely considered to be 
teuthophageous, isotopic analysis on a total of 313 squid beaks encompassing 10 
different families from whale stomachs was undertaken. A comparison of 13C values of 
sperm whale skin and squid beaks from whale stomach contents to 13C values of squid 
species caught in Tasmanian waters suggests that the sperm whales had been foraging 
in an analogous marine ecosystem to that of waters around Tasmania. The 15N mean 
values of cephalopod beaks from sperm whale stomachs across all strandings ranged 
from 7.8 ± 1.2 ‰ (Ommastrephidae sp.) to 13.0 ± 0.7 ‰ (the colossal squid 
Mesonychoteuthis hamiltoni) with an overall difference of 5.2 ‰ equivalent to an 
estimated 1.5 - 2 trophic levels. Corrected 15N values of some squid species from whale 
stomachs had comparable values that often exceeded that previously recorded for the 
killer whale (15N 15.2 ‰) from Tasmanian waters (e.g. M. hamiltoni 16.8 ± 0.7 ‰). 
Sperm whales exhibited intermediate 15N values relative to their prey. Their high 
trophic position is indicative of a 15N value based on consumption of cephalopod prey 
of varying trophic levels, although likely weighted towards smaller individuals (<400 
mm DML). This study highlights that concurrent stable isotope analysis on both 
predator and prey can increase our understanding of the foraging range of sperm 
whales relative to the distribution of their prey. 
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INTRODUCTION 
Tracing the trophic ecology of marine apex predators is essential to our understanding 
of ecosystem health and sustainability. The fundamental drivers as well as the scale of 
potential impacts on an ecosystem can be more readily determined by having a 
complete understanding of the predator-prey relationship (Ramos & González-Solís 
2012). Large predators exert a significant influence on structuring the marine food web 
due to their direct impact on prey populations (Davis et al. 2007, Harvey et al. 2014). 
The energetic demands required by some of the larger marine mammals, such as 
cetaceans, have the potential to exert top-down effects on prey populations (Surma & 
Pitcher 2015). Therefore, understanding the feeding ecology of cetaceans is paramount 
for the management and conservation of recovering whale populations that were 
historically depleted from commercial whaling over the last two centuries (Baker & 
Clapham 2004, Surma & Pitcher 2015). 
Sperm whales Physeter macrocephalus, the largest of all toothed whales, are members of 
the oceanic mesopelagic zone feeding predominantly on mesopelagic and bathypelagic 
organisms (Davis et al. 2007). The males and females segregate in terms of social 
organization and geographic distribution (Teloni et al. 2008). Mature females along 
with both immature males and females are usually distributed in social groups 
constrained to tropical and temperate waters between 40N and 40S (Whitehead et al. 
1991, Teloni et al. 2008). As males mature they disperse poleward either individually or 
in small groups, only returning to warmer waters to breed (Mendes et al. 2007b). As 
individuals, these deep-diving oceanic foragers appear to be opportunistic predators 
but as a whole they appear to specialize on particularly abundant groups of prey (Evans 
& Hindell 2004a). Sperm whales, for the most part, appear to be teuthophageous, with 
dominant squid prey from the families Architeuthidae, Ommastrephidae, 
Octopoteuthidae, Histioteuthidae, Ancistrocheiridae, Onychoteuthidae and Cranchiidae 
(Clarke 1980, Clarke & MacLeod 1980, Clarke & MacLeod 1982, Clarke et al. 1993, 
Santos et al. 2002, Evans & Hindell 2004a, André et al. 2007, Garibaldi & Podesto 2014, 
Harvey et al. 2014). Alternatively, they have been known to forage on fish, but to a much 
lesser degree (Clarke 1980, Martin & Clarke 1986, Santos et al. 2002). Due to their 
worldwide distribution and extreme large size, a conservative estimation of the annual 
consumption of squid by sperm whales may exceed 100 million tonnes, with between 
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12.5 and 24.2 million tonnes being consumed in the Antarctic Ocean alone (Santos et al. 
2001, Whitehead 2002). Subsequently, understanding the trophic dynamics of sperm 
whales that forage at great depths also helps to elucidate the dynamics of deep-sea 
cephalopod assemblages (Harvey et al. 2014). 
The logistics of determining trophic relationships between sperm whale and their prey 
in situ is extremely difficult due to their remote foraging habitats (Ruiz-Cooley et al. 
2012). Stomach content analysis from stranded or commercially caught whales has 
largely been the predominant mode of investigation. Although this method has provided 
crucial information to our understanding of the predator–prey relationship of these 
apex predators, there are inherent biases in this single methodology. While stomach 
content analysis on commercially caught sperm whales had a bias towards adult 
animals, particularly males, single stranded animals may be biased toward unhealthy 
individuals (Evans and Hindell 2004a). In contrast, mass stranded animals are less 
likely to be affected by these biases (Evans & Hindell 2003b). Bogomolni et al. (2010) 
found that for single strandings in the Cape cod and Massuchesetts area disease was the 
leading cause of death. However, around 92% of animals from mass strandings in the 
same area were healthy and most likely died as a result of stress or conditions related to 
the stranding itself. Furthermore, stomach content derived data is constrained by 
differential identification problems associated with the predator’s prey. The 
combination of a rapid breakdown of gelatinous and soft-bodied animals but with a 
preferential retention of hard parts such as squid beaks, in conjunction with a rapid 
digestion of smaller organisms and those with fewer hard parts, may subsequently 
skew the resulting analysis in favor of those organisms represented by the least 
digestible parts (Santos et al. 2001, Young et al. 2015a). 
Stable isotope analysis has been used extensively to understand the foraging ecology of 
a variety of marine mammals (see Newsome et al. 2010 for review) including sperm 
whales (Ruiz-Cooley et al. 2004, Marcoux et al. 2007, Mendes et al. 2007a, b, Ruiz-
Cooley et al. 2012). The 13C/12C and 15N/14N ratios of a consumer provide an average 
time-integrated assimilated representation of an organism’s diet on a broad scale rather 
than a dietary snapshot offered by stomach content analysis. The 13C and 15N values 
of various animal tissues reflect the averaged integrated diet of the consumer at varying 
time intervals, which are tissue and species dependent (de Niro & Epstein 1978, 1981, 
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Ruiz-Cooley et al. 2012). There are no documented turnover rates for sperm whale skin 
although Ruiz-Cooley et al. (2004) suggested the rate is likely greater than 72 d. A 
recent controlled feeding study on bottlenose dolphins Tursiops truncatus estimated a 
half-life of 24 ± 8 d and 48 ± 19 d for δ13C and δ15N, respectively, which translates to 
approximately 100 – 200 d for a near complete turnover rate of skin (95%) (Giménez et 
al. 2016). Since sperm whales are larger animals and have thicker skin than bottlenose 
dolphins the estimated time taken for a complete turnover or renewal of skin may even 
be longer. 
δ13C values have been mostly used in marine predators to differentiate between 
differing foraging habitats due to latitudinal and regional differences in δ13C values at 
the base of the food chain along with small variations along the length of the food chain 
(Cherel & Hobson 2007). Determination of the foraging habitat is possible when the 
isotopic value of the consumer is compared with isotopically distinct latitudinal 
gradients in δ13C values at the base of the food web in conjunction with the 
inshore/offshore and pelagic/demersal δ13C gradients (Cherel & Hobson 2007). When 
examining tooth annuli of sperm whales, Mendes et al. (2007b) found a shift in δ13C 
values denoting a male dispersion from the maternal pod that was also consistent with 
a poleward migration to more temperate oligotrophic waters. In contrast, δ15N values 
have been used as a proxy for trophic position as well as an indicator of a predator-prey 
relationship (Post 2002). Predator-prey relationships are determined through the 
examination of the discrimination factor, which is the difference between the isotope 
value of the food of the consumer and the isotopic value of the consumer’s tissue (Bond 
& Hobson 2012, Greer et al. 2015). There is predictable stepwise 15N enrichment 
between the consumer and their prey for each increasing trophic level in the marine 
ecosystem (Kelly 2000). The average trophic discrimination factor between consumer 
and their food is ~3.4 ‰, but varies according to species or tissue examined (Post 
2002). Marcoux et al. (2007) and Ruiz-Cooley et al. (2004) have found discrimination 
factors for 15N between sperm whale and squid prey that fit well with the expected 
average trophic enrichment values for predator-prey relationships. Sperm whale diet 
based on isotopic values has also been shown to be spatially dependent (Marcoux et al. 
2007). Isotopes have also further enhanced our understanding of sperm whale foraging 
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by determining the community assemblage of their cephalopod prey through isotopic 
analysis of squid beaks from stomach contents (Cherel et al. 2009a).  
The purpose of this study was to undertake a study on the foraging ecology of sperm 
whales by performing an isotopic comparative analysis on the skin of animals that had 
mass stranded in Tasmanian waters off southern Australia. Additionally, since isotopes 
of the predator alone only give a broad scale view of foraging, sperm whale skin isotopic 
analysis in concert with isotopes of actual known and identified prey will give a more 
detailed picture of their foraging habits. Since Evans and Hindell (2004a) found that 
cephalopods predominated in the stomach contents of whales in mass strandings in 
Tasmanian waters, this study was focused on assessing the isotopic value of cephalopod 
beaks relative to the skin of the sperm whales to ascertain predator-prey relationships. 
Furthermore, since cephalopods are important trophic links for many marine mammals 
in the marine ecosystem another objective was to analyze the cephalopod community 
using the sperm whales as biological samplers. 
METHODS 
Sample collection 
Sperm whale samples were obtained from archived material from mass strandings that 
occurred in northern and western coastal regions off Tasmania, Australia (i.e. Croppies 
Beach, 2002; Flinders Island, 2003; Ocean Beach, 2004; Strahan 2004 and Bakers Beach 
2005). Ocean Beach and Strahan have virtually the same latitude and longitude, 
therefore only Ocean Beach is shown on the map but the two names are kept for 
distinguishing between strandings (Table 4.1, Figure 4.1). The archived samples were 
obtained using standardized mass stranding sampling protocol (Geraci & Lounsbury 
2005) and held by the Department of Primary Industries, Parks, Water and 
Environment (DPIPWE). Whale skin samples of approximately 1 cm2 were subsampled 
from frozen blocks of skin and blubber held in a -20o C freezer and originating from five 
mass strandings occurring in Tasmanian waters from 2002 to 2005. Dorsal, lateral or 
ventral samples were taken from a standardized body site just anterior to the dorsal fin. 
Each animal was sexed and measured for total length (m) by using a straight line from 
the tip of the rostrum to the deepest part of the notch in the tail fluke. They were 
assigned an age class (adult, subadult and juvenile/calf) based on length and maturity.  
Chapter 4 Diet of Sperm Whales 
 
88 
Cephalopod beaks from stomach contents were only collected for the Bakers Beach and 
Flinders Island mass strandings (see Figure 4.1). For comparative purposes and to 
enhance the overall picture of sperm whale diet, cephalopod beaks from a mass 
stranding in 2002 at Waterhouse Island were also used. All cephalopod beaks had been 
archived in 70 % ethanol and were subsequently identified to species level where 
possible (Clarke 1986, Xavier & Cherel 2009). Lower rostral lengths (LRL, nearest mm) 
were determined using digital calipers. 
  
 
Figure 4.1. Map of Tasmania showing stranding sites of sperm whales (Physeter 
macrocephalus). Strahan has the same latitude and longitude as Ocean Beach. 
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Stable isotope analysis 
In preparation for isotope analysis any remaining subcutaneous adipose tissue was 
removed with a scalpel from the whale skin subsamples. Samples were subsequently 
rinsed in distilled water. The frozen subsamples were then freeze dried, ground to a 
powder using a Wig–L-Bug® and delipidated in cyclohexane. The ground skin samples 
were delipidated using 3 ml of cyclohexane and left to stand overnight in small glass 
test tubes that were covered and put under a fume hood. Afterwards, samples were 
centrifuged and the supernatant removed with a pipette. The powdered whale skin was 
then subjected to two additional cyclohexane rinses with 1 - 2 hours between rinses. 
Next, samples were left to dry uncovered overnight under a fume hood. 
All beaks were removed from ethanol and cleaned with distilled water. A small section 
of the wing tip in the direction of growth was cut and rinsed with distilled water. The tip 
of the cephalopod wing represents the most recent growth of the beak and 
subsequently the most recent somatic growth of the cephalopod (Cherel & Hobson 
2005). Isotopic analysis was undertaken of whole wing tip samples or half wing tip 
samples for larger specimens. Where possible, 10 replicate individuals were processed 
for the size mode using LRL of each species within each stranding when stomach 
contents were retrieved. The relative abundance of carbon (13C/12C) and nitrogen 
(15N/14N) stable isotopes was determined by a Finnigan Delta Plus Advantage stable 
isotope-ratio mass spectrometer at the University of Victoria, British Columbia, Canada. 
There was a 10 percent replication measurement in each isotopic sample run. The 
results of the isotopic analysis are presented in the usual delta notation relative to 
Vienna PD belemnite for δ13C and atmospheric N2 (AIR) for δ15N. Replicate 
measurements of internal laboratory standards (DORM) indicated measurement errors 
of ± 0.1 and ± 0.2 ‰ for δ13C and δ15N respectively. 
Statistical analysis 
Sperm whale skin 
Since a standardized body site for sampling is sometimes difficult due to the orientation 
of the sperm whale once deceased, whale skin body site (i.e. dorsal, lateral and ventral) 
was used as a factor of interest in a repeated measures ANOVA for both δ13C and δ15N 
values. Moreover, since the base of the food chain may fluctuate based on time and 
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space, ANOVA was used to ascertain any differences in the δ13C and δ15N values of 
sperm whale skin due to stranding. MANOVA was used to determine if sex was a factor 
that contributed to the variation in average δ13C and δ15N values. Correlational analysis 
was also used to see if δ13C and δ15N values varied with whale length. 
Stomach contents 
Differences between the δ13C and δ15N values of the same prey species from different 
strandings were also compared using ANOVA and t-tests to determine if whales from 
different strandings were foraging in similar locations. A comparison between δ13C and 
δ15N values of sperm whale skin relative to their diet across all strandings, as well as for 
the individual strandings and the respective squid beaks found in the stomachs of those 
animals, were assessed using ANOVA to ascertain if the contents found in the stomachs 
reflected their diet. Since 13C is more enriched and 15N more depleted in cephalopod 
beaks than corresponding muscle, values were corrected by - 0.7 ‰ and  3.8 ‰ 
respectively to represent muscle (see Chapter 2). Samples were assessed for normality 
and those with less than three individuals were not used in analyses. As much as 
possible similar sized animals (as represented by LRL beak mode) were chosen for 
replication within a species. Post-hoc Tukey’s multiple comparisons tests were used 
when a significant main effect was found. 
RESULTS 
Sperm whale skin isotopic analysis 
Sperm whale skin (n= 39) was analyzed from five sperm whale strandings in Tasmanian 
waters (Croppies Beach, Flinders Island, Ocean Beach, Strahan and Bakers Beach) (see 
Table 4.1). Overall, the average 13C and 115N values of adults were –17.1 ± 0.6 ‰ and 
14.7 ± 0.8 ‰, respectively. Repeated measures ANOVA revealed no significant 
differences in the variation of 13C or 15N values between sperm whale dorsal, lateral 
and ventral skin sampling sites (both p > 0.05). MANOVA showed that sex had no effect 
on variation in 13C or 15N values (p > 0.05). Across all strandings whale length was not 
correlated with 13C values (p > 0.05) but weakly correlated with 15N values (r = 0.4, n 
= 39, p = 0.007). When examining males and females separately, females showed no 
correlation with 13C or 15N values (both p > 0.05). Males also did not correlate with 
13C values but strongly correlated with 15N values (r = 0.9, n = 13, p < 0.001). 
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Variation in 13C values of sperm whale skin was dependent on stranding site (ANOVA F 
3,31 = 3.9, p < 0.05). Tukey’s post-hoc multiple comparison tests separated the strandings 
into two groups. Bakers Beach had the lowest 13C values (–18.1 ± 2.3 ‰) and was 
significantly different from all other strandings (p< 0.05) (see Figure 4.2). However, 
when the Bakers Beach stranding was removed from the ANOVA (F 2,29= 17.1, p < 
0.0001) due to an extreme outlier and a subsequent low number of individuals, multiple 
comparisons revealed that the 13C values of skin from Croppies Beach whales (–16.6 ± 
0.5 ‰) were significantly higher than the Flinders Island (–17.1 ± 0.1 ‰) and Strahan 
(–17.2 ± 0.1 ‰) whales (both p < 0.01). The overall range in mean differences of 13C 
values between strandings was small when the Bakers Beach stranding was removed 
(0.1 - 0.5 ‰). The Bakers Beach outlier (–20.05 ‰) had a much lower 13C value than 
the other two animals in the stranding (–16.7 ± 0.1 ‰) and increased the upper mean 
range difference to 1.4 ‰. Ocean Beach whales and the calves from the Strahan 
stranding were excluded from the ANOVA due to insufficient numbers. Nevertheless, 
the average 13C values of their skin (–16.7 ± 0.6 ‰ and –16.9 ± 0.6 ‰ respectively) 
were within the restricted range of average 13C values recorded across all sperm whale 
strandings (–16.7± 0.3 ‰ to –18.1 ± 2.3 ‰, see Figure 4.2). 
The average 15N values of whale skin between strandings also differed significantly (F 
3,31 = 16.7, p < 0.0001). Post-hoc multiple comparisons revealed that Bakers Beach 
whales had the lowest 15N values (13.0 ± 1.8 ‰) and differed from all other 
strandings, as did the Strahan stranding (14.2 ± 0.3 ‰) (all p< 0.05). Croppies Beach 
(15.6 ± 0.3 ‰) and Flinders Island (14.9 ± 0.4 ‰) whales had similar 15N values (p > 
0.05) and were the most enriched in 15N. Yet, when the Bakers Beach stranding was 
removed, due to reasons described above, 15N values of whale skin between strandings 
still differed (ANOVA, F 2,29 = 36.2, p < 0.0001) but all strandings were significantly 
different than one another (Tukeys post-hoc multiple comparisons, all p < 0.01). Overall 
mean differences between strandings ranged up to approximately half a trophic level 
(0.5 – 2.4 ‰) but without the Bakers Beach stranding the differences were smaller (0.5 
– 1.2 ‰). Calves from the Strahan stranding had the lowest 15N values (12.9 ± 0.9 ‰) 
relative to their own stranding (14.2 ± 0.3 ‰) and all other strandings (see Figure 4.2).  
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Stomach contents – isotopic analysis of cephalopod beaks 
A total of 313 beaks were analysed from 10 squid families collected from the stomachs 
of sperm whales at three different strandings around Tasmania (Waterhouse Island, 
Flinders Island and Bakers Beach) from 2002 to 2005. The beaks used in the analysis 
were the predominant cephalopod species found across all strandings. Iconic species 
(small in number) such as Architeuthis dux (giant squid) and Mesonychoteuthis 
hamiltoni (colossal squid) were also included (see Table 4.2).  
 
 
 
 
  
 
Table 4.1. Age class (based on length/maturity), sex, number of whales sampled (n), total length (m), skin 13C and 15N values and 
C:N mass ratio values of sperm whales (Physeter macrocephalus) from five strandings around Tasmania, Australia (Croppies Beach, 
Flinders Island, Ocean Beach, Strahan and Bakers Beach). All values are means ± SD. 
Stranding (date) Age category Sex n Total length 
(m) 
13C (‰) 
 
15N (‰) 
 
C:N (mass 
ratio) 
Croppies Beach (November 
2002) 
Adults F 6 11.1 ± 0.7 –16.6 ± 0.5 15.6 ± 0.3 3.8 ± 0.2 
        
Flinders Island (November 
2003) 
Adult M 9 11 8 ± 0.5 –17.1 ± 0.1 14.9 ± 0.4 3.9 ± 0.1 
        
Ocean Beach (June 2004) Adult M 2 12.3 ± 0.1 –16.7 ± 0.1  14.8 ± 0.2 3.8 ± 0.0 
         
Strahan (December 2004) Adult F 17 11.0 ± 0.4 –17.5 ± 0.1 14.2 ± 0.3 4.0 ± 0.1 
 Calves M 2 3.4 ± 0.5 –16.9 ± 0.6 12.9 ± 0.9 3.2 ± 0.2 
        
Bakers Beach (December 2005) Adult F 3 11.0 ± 0.6 –18.1 ± 2.3 13.0 ± 1.8 3.8 ± 0.2 
        
All combined Adults  37 11.3 ± 0.6 -17.1 ± 0.7 14.6 ± 0.9 3.9 ± 0.1 
 
  
Table 4.2. Beak lower rostral length (LRL), 13C and 15N values, corrected 13C and 15N values (see Methods) and C:N mass ratios of 
cephalopod species retrieved from the stomach contents of sperm whales (Physeter macrocephalus) from three strandings around 
Tasmania, Australia (Waterhouse Island, Flinders Island and Bakers Beach). All values are means ± SD. 
Family Species N LRL 
(mm)  
13C 
(‰) 
 Corrected 
13C (‰) 
15N 
(‰) 
Corrected 
15N (‰) 
C:N 
mass 
ratio 
Waterhouse Is 
(November 2002) 
        
Enoploteuthidae Ancistocheirus lesueuri 12 8.6 ± 0.2 –16.5 ± 0.3 –17.2 ± 0.3 10.6 ± 0.4 14.4 ± 0.4 3.2 ±.0.1 
Octopoteuthidae Octopoteuthis sp. 
(medium) 
5 10.2 ± 0.2 –16.8 ± 0.3 –17.5 ± 0.3 12.0 ± 0.4 15.8 ± 0.4 3.3 ± 0.1 
 Octopoteuthis sp. (large) 5 13.9 ± 0.6 –17.0 ± 0.1 –17.7 ± 0.1 12.0 ± 0.7 15.8 ± 0.7 3.3 ± 0.1 
 Taningia danae 5 21.4 ± 1.9 –17.2 ± 0.3 –17.9 ± 0.3 12.0 ± 0.8 15.8 ± 0.8 3.4 ± 0.2 
Onychoteuthidae Moroteuthis robsoni 7 8.4 ± 0.2 –16.6 ± 0.2 –17.3 ± 0.2 9.9 ± 0.3 13.7 ± 0.3 3.3 ± 0.1 
Cycloteuthidae Cycloteuthis akimushkini 10 14.5 ± 0.2 –17.3 ± 0.3 –18.0 ± 0.3 12.1 ± 1.7 15.4 ± 1.7 3.4 ± 0.3 
Lepidoteuthidae Pholidoteuthis boschmai 11 9.4 ± 0.1 –18.1 ± 0.3 –18.8 ± 0.3 9.4 ± 0.7 13.2 ± 0.7 3.3 ± 0.1 
Histioteuthidae Histioteuthis atlantica 12 4.8 ± 0.1 –17.1 ± 0.3 –17.8 ± 0.3 9.8 ± 0.9 13.6 ± 0.9 3.3 ± 0.1 
Chiroteuthidae  Chiroteuthis veranyi 12 7.3 ± 0.1 –17.8 ± 0.3 –18.5 ± 0.3 11.6 ± 1.6 15.4 ± 1.6 3.4 ± 0.2 
Cranchiidae Taonius sp. B (Voss) 3 10.4 ± 0.4 –17.6 ± 0.2 –18.3 ± 0.2 12.3 ± 0.3 16.1 ± 0.3 3.3 ± 0.2 
 Galiteuthis sp. 3 (Imber)  12 7.5 ± 0.2 –17.3 ± 0.3 –18.0 ± 0.3 10.1 ± 1.3 13.9 ± 1.3 3.4 ± 0.1 
 Galiteuthis stC sp. 
(Imber) 
7 6.4 ± 0.3 –17.2 ± 0.3 –17.9 ± 0.3 9.9 ± 0.9 13.7 ± 0.9 3.5 ± 0.1 
 Mesonychoteuthis 
hamiltoni 
6 37.0 ± 5.8 –17.4 ± 0.9 –18.1 ± 0.9 13.0 ± 0.7 16.8 ± 0.7 3.5 ± 0.2 
Flinders Island 
(November 2003) 
        
Enoploteuthidae Ancistocheirus lesueuri 12 8.6 ± 0.2 –16.7 ± 0.4 –17.4 ± 0.4 10.2 ± 0.4 14.0 ± 0.4 3.3 ±.0.2 
Octopoteuthidae Octopoteuthis sp. 
(medium) 
12 10.5 ± 0.2 –16.9 ± 0.3 –17.6 ± 0.3 10.9 ± 0.6 14.7± 0.6 3.3 ± 0.1 
Onychoteuthidae Moroteuthis robsoni 7 9.3 ± 0.2 –16.8 ± 0.3 –17.5 ± 0.3 9.5 ± 1.1 13.3 ± 1.1 3.1 ± 0.2 
Lepidoteuthidae Lepidoteuthis grimaldi 4 19.1 ± 0.7 –17.1 ± 0.4 –17.8 ± 0.4 9.3 ± 0.5 13.1 ± 0.5 3.5 ± 0.2 
 Pholidoteuthis boschmai 7 9.3 ± 0.2 –17.7 ± 0.3 –18.4 ± 0.3 9.5 ± 1.0 13.3 ± 1.0 3.4 ± 0.2 
Architeuthidae Architeuthis dux 1 6.7 –16.5 –17.2 9.4 ± 2.0 12.6 3.2 
Histioteuthidae Histioteuthis atlantica 12 4.7 ± 0.2 –17.0 ± 0.2 –17.7 ± 0.2 10.4 ± 0.7 14.2 ± 0.7 3.3 ± 0.1 
 Histioteuthis hoylei 9 6.6 ± 0.3 –17.1 ± 0.1 –17.8 ± 0.1 9.6 ± 0.6 13.4 ± 0.6 3.3 ± 0.0 
 Histioteuthis miranda 12 5.8 ± 0.2 –18.0 ± 0.2 –18.7 ± 0.2 9.2 ± 0.4 13.1 ± 0.4 3.4 ± 0.1 
  
Ommastrephidae Ommastrephidae sp. 2 14.2 ± 0.2 –17.6 ± 0.0 –18.3 ± 0.0 7.8 ± 1.2 11.6 ± 1.2 3.5 ± 0.0 
Chiroteuthidae  Chiroteuthis sp. F 
(Imber) 
8 5.6 ± 0.2 –17.5 ± 0.5 –18.2 ± 0.5 11.7 ± 2.2 15.5 ± 2.2 3.6 ± 0.2 
Bakers 
Beach(December 
2005) 
        
Enoploteuthidae Ancistocheirus lesueuri 5 8.6 ± 0.2 –16.6 ± 0.1 –17.4 ± 0.1 10.0 ± 0.3 13.8 ± 0.3 3.3 ±.0.1 
Octopoteuthidae Octopoteuthis sp. 
(medium) 
12 10.5 ± 0.3 –17.4 ± 0.6 –18.1 ± 0.6 10.4 ± 1.0 14.2 ± 1.0 3.2 ± 0.2 
 Octopoteuthis sp. (large) 8 14.4 ± 0.3 –18.0 ± 0.6 –18.7 ± 0.6 10.5 ± 0.9 14.3 ± 0.9 3.3 ± 0.1 
 Taningia danae 2 19.2 ± 0.3 –18.3 ± 0.0 –19.0 ± 0.0 11.0 ± 0.2 14.8 ± 0.2 3.4 ± 0.2 
Onychoteuthidae Moroteuthis robsoni 8 9.6 ± 0.3 –18.5 ± 0.6 –19.2 ± 0.6 8.4 ± 0.9 12.2 ± 0.9 3.3 ± 0.1 
Lepidoteuthidae Pholidoteuthis boschmai 6 9.4 ± 0.2 –18.4 ± 0.4 –19.1 ± 0.4 8.4 ± 0.6 12.2 ± 0.6 3.3 ± 0.2 
Architeuthidae Architeuthis dux 3 15.5 ± 3.0 –17.3 ± 1.1 –18.0 ± 1.1 9.4 ± 2.0 13.2 ± 2.0 3.4 ± 0.2 
Histioteuthidae Histioteuthis atlantica 24 5.2 ± 0.5 –17.9 ± 0.6 –18.6 ± 0.6 10.0 ± 0.9 13.8 ± 0.9 3.4 ± 0.1 
 Histioteuthis hoylei 8 6.4 ± 0.2 –17.2 ± 0.2 –17.9 ± 0.2 9.8 ± 0.4 13.6 ± 0.4 3.4 ± 0.1 
 Histioteuthis miranda 3 6.3 ± 0.1 –17.9 ± 0.2 –18.6 ± 0.2 9.7 ± 0.3 13.5 ± 0.3 3.4 ± 0.1 
Ommastrephidae Ommastrephidae sp. 5 13.9 ± 0.7 –17.2± 1.4 –18.9 ± 1.4 8.4 ± 0.8 12.2 ± 0.8 3.5 ± 0.1 
Chiroteuthidae  Chiroteuthis veranyi 7 6.5 ± 0.2 –17.7 ± 0.6 –18.4 ± 0.5 11.0 ± 1.0 14.8 ± 1.0 3.5 ± 0.2 
Cranchiidae Taonius sp. B (Voss) 6 9.4 ± 0.3 –18.9 ± 0.8 –19.6 ± 0.8 11.3 ± 1.1 15.1 ± 1.1 3.4 ± 0.2 
 Teuthowenia pellucida 12 5.2 ± 0. –17.0 ± 0.3 –17.7 ± 0.3 11.5 ± 0.6 15.3 ± 0.6 3.4 ± 0.1 
 Megalocranchia sp. 3 12.0 ± 0.3 –17.5 ± 0.4 –18.2 ± 0.4 10.7 ± 0.9 14.5 ± 0.9 3.7 ± 0.4 
 Galiteuthis stC sp. 
(Imber)  
6 6.6 ± 0.2 –17.4 ± 0.2 –18.1 ± 0.3 9.2 ± 0.9 13.0 ± 0.9 3.4 ± 0.2 
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Carbon isotopes 
The mean 13C values of cephalopod beaks from whale stomach contents, across all 
strandings ranged from –18.9 ± 0.8 ‰ (Taonius sp. B (Voss) to –16.5 ± 0.3 ‰ 
(Ancistrocheirus lesueuri) with an overall mean difference of 2.4 ‰. The mean overall 
differences in 13C values for beaks from the Waterhouse Island (1.3 ‰) and Flinders 
Island whales (1.6 ‰) were similar but lower than across all strandings. Conversely, 
the Bakers Beach overall mean difference in 13C values for beaks (2.2 ‰) was 
comparable to beak 13C values across all strandings (Table 4.2).  
 
 
 
Figure 4.2. Mean (± SD) skin δ13C and δ15N values for sperm whale (Physeter 
macrocephalus) from strandings around Tasmania (Croppies Beach, Flinders Island, 
Ocean Beach, Strahan and Bakers Beach adults as well as Strahan calves). Open symbols 
are males, closed symbols are females. 
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Squid species represented in all three strandings included A. lesueuri, Octopoteuthis sp., 
Moroteuthis robsoni, Pholidoteuthis boschmai and Histioteuthis atlantica. When each 
species was compared individually between all three strandings, only A. lesueuri had 
similar 13C values to each other (p > 0.05). Octopoteuthis sp. (medium) (F 2,26 = 4.65, p < 
0.02), M. robsoni (F 2,19 = 44.33, p < 0.0001), P. boschmai (F 2,21 = 6.78, p < 0.01) and H. 
atlantica (F 2,45 = 16.08, p < 0.0001) differed among strandings. Multiple comparisons 
revealed that M. robsoni and H. atlantica beaks from the Bakers Beach sperm whale 
stomachs had lower 13C values (–18.5 ± 0.6 ‰, –17.9 ± 0.6 ‰, respectively) than from 
both Waterhouse Island (–16.6 ± 0.2 ‰, –17.1 ± 0.3 ‰, respectively) and Flinders 
Island whale stomachs (–16.8 ± 0.3 ‰, –17.0 ± 0.2 ‰, respectively) (all p < 0.05). 
Furthermore, Octopoteuthis sp. (medium) and P. boschmai beaks from the Bakers Beach 
stranding also had significantly lower 13C values (–17.4± 0.6 ‰, –18.4± 0.4 ‰, 
respectively) than Flinders Island beaks (–16.9 ± 0.3 ‰, –17.7± 0.3 ‰, respectively) 
(all p < 0.05) but similar values to those from the Waterhouse Island stranding (all p > 
0.05) (see Table 4.2).  
Where cephalopod species only occurred in two of the three strandings, no significant 
differences in 13C values were found for C. veranyi, Galiteuthis stC sp. (Imber), 
Histioteuthis hoylei, Histioteuthis miranda or Ommastrephidae sp. (all p > 0.05). In 
contrast, both Octopoteuthis sp. (large) and Taonius sp. B (Voss) beaks from Bakers 
Beach sperm whale stomachs were more depleted in 13C (–18.0 ± 0.6 ‰, –18.9 ± 0.8 ‰, 
respectively) than beaks from Waterhouse Island whales (–17.0 ± 0.1 ‰, –17.6 ± 0.2 
‰, respectively) (see Table 4.2). 
Nitrogen isotopes 
The mean 15N values of cephalopod beaks from sperm whale stomachs across all 
strandings ranged from 7.8 ± 1.2 ‰ (Ommastrephidae sp.) to 13.0 ± 0.7 ‰ 
(Mesonychoteuthis hamiltoni) with an overall difference of 5.2 ‰ or equivalent to an 
estimated 1.5 - 2 trophic levels. The overall mean difference in 15N values for beaks 
from Waterhouse Island (3.6 ‰), Flinders Island (3.9 ‰) and the Bakers Beach 
(3.1‰) strandings approximated a trophic level of one. When comparing the species 
common to all three strandings, only A. lesueuri (F 2,26 = 4.83 p < 0.05), M. robsoni (F 2,19 
= 6.39, p < 0.01), Octopoteuthis sp (medium) (F 2,26 = 8.8, p < 0.01) and P. boschmai (F 2,21 
= 3.95, p < 0.05) differed significantly between strandings. Although there was an 
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overall significant difference for P. boschmai, multiple comparisons tests showed the 
difference was marginal (all p = 0.05). However, the 15N values for A. lesueuri (10.0 ± 
0.3 ± ‰), M. robsoni (8.4 ± 0.9 ‰) and Octopoteuthis sp. (medium) (10.4 ± 1.0 ‰) from 
Bakers Beach were in all cases similar to the values of the Flinders Island stranding (all 
p > 0.05) but significantly lower than those of Waterhouse Island (10.6 ± 0.4, 9.9 ± 0.3, 
12.0 ± 0.4 respectively, all p < 0.05). Similarly, Octopoteuthis sp. beaks (large) 15N 
values from Bakers Beach (10.5 ± 0.9 ‰) were significantly lower than beaks from the 
Waterhouse stranding (12.0 ± 0.7 ‰) (F 1,11 = 10.3, p = 0.008). All other beaks of the 
same cephalopod species did not differ in 15N values between strandings (all p> 0.05) 
(see Table 4.2).  
Isotopic comparison of sperm whale skin and squid beaks from stomach 
contents 
The 13C values of sperm whale skin and the corrected 13C values of squid beaks from 
the whale stomachs differed significantly when combined and compared across all 
strandings (F 24,357 = 22.63, p < 0.0001). Species were graphed according to increasing 
13C values (Figure 4.3) and compared to three species caught in situ including 
Histioteuthis atlantica and the neritic Sepioteuthis australis captured in Tasmanian 
waters as well as the endemic Southern Ocean species, Galiteuthis glacialis. Based on 
13C values of all species, Tukey’s post-hoc multiple comparison tests segregated the 
squid and sperm whales into seven groups where there was a graduating and largely 
overlapping enrichment in 13C from G. glacialis to the adult sperm whales which were 
most enriched in 13C. The values of H. atlantica beaks caught in Tasmanian waters did 
not differ from those extracted from the sperm whale stomachs (p > 0.05). Although 
there was overlap in 13C values between S. australis and many squid species from the 
sperm whale stomachs they differed from G. glacialis, C. veranyi, H. atlantica, H. miranda, 
Octopoteuthis sp. (large), P. boschmai and Taonius sp. B (Voss) (p < 0.01). G. glacialis 
caught in Southern Ocean waters, on the other hand, differed from all other squid 
species as well as the sperm whales (p< 0.0001) (see Figure 4.3). 
15N values of combined sperm whales and squid beaks (corrected values) across all 
strandings segregated (F 21,334 = 15.74, p < 0.0001) into nine overlapping groups. Post-
hoc Tukey’s multiple comparison tests showed that sperm whales had intermediate 
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values and were significantly different from only four squid species that were more 
impoverished in 15N (i.e. Ommastrephidae sp., P. boschmai, A. dux and M. robsoni) and 
from M. hamiltoni which was the most enriched in 15N of all species. M. hamiltoni was 
not significantly different than Chiroteuthis sp. F (Imber), C. veranyi, C. akimushkini, T. 
pellucida, T. danae and Taonius sp. B (Imber) (p > 0.05) (see Figure 4.4) 
 
 
Figure 4.3. Mean (± SD) δ13C values of skin from all sperm whale (Physeter 
macrocephalus) strandings (SW open square symbol; Croppies Beach, Flinders Island, 
Ocean Beach, Strahan and Bakers Beach) in comparison to all cephalopod corrected 
beak values (see Methods) from stomach contents. Open circle symbols refer to a 
comparison species (G. glacialis) from Maquarie Island as well as two species (H. 
atlantica and S. australis) from Tasmanian waters. Lower case letters refer to groups 
according to Tukey’s post-hoc tests. Taonius sp. B, Taonius sp. B (Voss); H. atlan (Tas), H. 
atlantica (Tasmania); Octopo (Large), Octopoteuthis sp. (Large); Mega sp., 
Megalocranchia sp.; Chiro sp. F, Chiroteuthis sp. F (Imber); Gali sp. 3, Galiteuthis sp. 3 
(Imber); Ommastreph, Ommastrephidae sp.; Gali stC sp., Galiteuthis stC sp. (Imber); 
Octopo (Med), Octopoteuthis sp. (medium).  
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Figure 4.4. Mean (± SD) δ15N values of skin from all sperm whale (Physeter 
macrocephalus) strandings (SW open square symbol; Croppies Beach, Flinders Island, 
Ocean Beach, Strahan and Bakers Beach) in comparison to all cephalopod corrected 
beak values (see Methods) from stomach contents. Lower case letters refer to groups 
according to Tukey’s post-hoc tests. Ommastreph, Ommastrephidae sp.; Gali stC sp., 
Galiteuthis stC sp. (Imber); Gali sp. 3, Galiteuthis sp. 3 (Imber); Mega sp., Megalocranchia 
sp.; Octopo (Med), Octopoteuthis sp. (medium) Octopo (Large), Octopoteuthis sp. (Large); 
Chiro sp. F, Chiroteuthis sp. F (Imber); Taonius sp. B, Taonius sp. B (Voss).  
 
A significant difference was found when comparing the 13C values between sperm 
whale skin of just the Flinders Island stranding and the respective beaks from their 
stomachs (F 9,82 = 25.0, p < 0.0001). Tukeys post-hoc multiple comparisons test showed 
that the skin had similar values to the beaks of M. robsoni and A. lesueuri (both p > 0.05) 
but was significantly more enriched in 13C than the beaks of Chiroteuthis sp. F (Imber), 
H. atlantica, H. hoylei, H. miranda, L. grimaldi and Octopoteuthis sp. LRL mm (all p = or < 
0.01). The 15N mean values of the sperm whale skin also differed from the cephalopod 
beaks found in their stomachs (F 9,82 = 8.033, p < 0.0001). Multiple comparisons tests 
showed that the sperm whales had similar values to Chiroteuthis sp. F (Imber), 
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Octopoteuthis sp. (medium), H. atlantica and A. lesueuri (all p > 0.05). However, the 
whales were significantly more enriched in 15N than H. hoylei, P. boschmai, M. robsoni, L. 
grimaldi and H. miranda (all p < 0.03) (see Figure 4.5).  
 
 
Figure 4.5. Mean (± SD) δ13C and δ15N values of skin for sperm whale (Physeter 
macrocephalus) (SW, open square symbol) from the Flinders Is. stranding compared to 
corrected δ13C and δ15N (see Methods) of squid beaks from their stomach contents. C, 
Chiroteuthis sp. F (Imber); Oct, Octopoteuthis sp. (medium); HA, Histioteuthis atlantica; 
HH, Histioteuthis hoylei; LG, Lepidoteuthis grimaldi. 
 
The distribution across 13C and 15N values between the skin from the Bakers Beach 
whales and the corrected values of cephalopod beaks from their stomachs significantly 
differed (2 16 = 60.97, p < 0.0001; 216 = 67.75, p < 0.0001, respectively). However, 
multiple comparisons tests showed that the sperm whales did not differ from any of the 
cephalopod species for either isotope (all p > 0.05). This should be treated with caution 
due to the low number of whales for the Bakers Beach stranding (n=3, all female) and 
also the larger standard deviation for the 13C and 15N values (2.3 and 1.8 respectively) 
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due to the influence of an outlier (13C –20.8 ‰, 15N –11.05) which was ~ 4 and 3 ‰ 
less enriched than the other 2 whales from the stranding in 13C and 15N respectively 
(see Figure 4.6) 
 
 
Figure 4.6. Mean (± SD) δ13C and δ15N values of skin for sperm whale (Physeter 
macrocephalus) (SW, open square symbol) from the Bakers Beach stranding compared 
to corrected δ13C and δ15N (see Methods) of squid beaks from their stomach contents. 
Td, Taningia danae; Pb, Pholidoteuthis boschmai; Oct (L), Octopo sp. (Med), 
Octopoteuthis sp. (medium); Octopoteuthis sp. (large); Omm sp., Ommastrephidae sp.; 
Meg sp., Megalochranchia sp.  
 
DISCUSSION 
Isotopic analysis on sperm whales from Tasmanian waters revealed that their foraging 
habits place them at a higher trophic level than most other cetaceans in this region, with 
the one exception being the killer whale (15N 15.2 ‰) (Davenport & Bax 2002). The 
15N values of the southern right whale dolphin Lissodelphis peronei (10.6 ‰), long-
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finned pilot whale Globicephala melas edwardii (10.7 ‰), common dolphin Delphinus 
delphis (13.3 ‰) and gray’s beaked whale Mesoplodon grayi (12.9 ‰) (see Davenport 
& Bax 2002) were all less than that observed for the sperm whales in this study (14.6 
‰). Some of the sperm whale prey in the present study had corrected 15N values 
comparable to and sometimes exceeding that of the killer whale Orcinus orca. Other 
studies have also found that some cephalopod species such as M. hamiltoni and T. danae 
are close to the top (i.e. top predator) in their ecosystems (Cherel & Hobson 2005, 
Cherel et al. 2009). Although sperm whales have a similar 13C value to long-finned pilot 
whales that have stranded in this region they are approximately one trophic level 
higher (Chapter 3). The high trophic position is likely indicative of a 15N value based on 
consumption of cephalopod prey of varying trophic levels, although likely weighted 
towards smaller individuals (< 400 mm DML) while the pilot whales conceivably feed 
on a more catholic diet of fish and squid or other organisms (Chapter 3).  
Isotopic variation of sperm whale skin 
Although there were small significant stranding effects on the 13C and 15N values of 
skin from sperm whales stranded in various regions around Tasmania, it is likely that 
none of the variation in this study was driven by differences in the skin anatomical 
sampling site between strandings (Williams et al. 2008). Additionally, since social 
structure is an important component of sperm whale populations with females and 
immatures living in long-term social units (Cristal & Whitehead 2001, Whitehead & 
Rendell 2004), it may be assumed that members of the same groups would have similar 
13C and 15N values, resulting from traveling and foraging together (e.g. Marcoux et al. 
2007). However, strandings may include casual acquaintances that are temporary 
associates rather than members of the stable social group (Cristal et al. 1998) and have 
subsequently foraged in isotopically different areas, resulting in increased isotopic 
variation within and between strandings. This may explain the female outlier in the 
Bakers Beach stranding that had lower isotopic values than the other females in that 
stranding. It is likely that the small variations found in the skin 13C and 15N values of 
this study may be a reflection of the fluctuations in 13C and 15N values at the base of 
the food chain rather than a change in diet. 
The small variations seen in this study may be a response to latitudinal and regional 
fluctuations in ecosystem 13C and 15N values. Latitude and region have been shown to 
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affect skin 13C and 15N values in sperm whales from the Gulf of Mexico and Gulf of 
California, most likely due to heterogeneity in baseline isotopic values that are 
subsequently transferred to consumers (Ruiz-Cooley et al. 2012). The overall mean 13C 
and 15N values in this study (–17.0 and 14.8 ‰, respectively) were closer to the values 
found for sperm whales from the Gulf of Mexico (–16.5 and 12.2 ‰, respectively, Ruiz-
Cooley et al. 2012) and the Galapagos (~–17.0 and 13.9 ‰, respectively, Marcoux et al. 
2007). Sperm whale 13C and 15N values were higher from the Gulf of California (–13.8 
and 19.6, respectively, Ruiz-Cooley et al. 2004) and Chile (~–14.8 and 21.1 ‰, 
respectively, Marcoux et al. 2007). It is proposed that these contrasting isotopes are 
likely due to latitudinal and spatial differences in the dominant biochemical cycling 
within those waters (Ruiz-Cooley et al. 2012). The high CO2 in waters in colder latitudes 
and regions results in a greater expression of photosynthetic CO2 due to fractionation, 
producing a lower baseline 13C value. The reverse is true of waters in warmer latitudes 
(Newsome et al. 2010). Furthermore, in areas of high productivity and upwelling, 
waters can become suboxic to anoxic resulting in denitrification. Subsequently, an 
enriched residual nitrite pool is left due to 14N enriched nitrite being preferentially 
removed which then leads to a higher 15N baseline (Newsome et al. 2010). The Gulf of 
California and Chile are characterized by elevated primary productivity (Santamaría del 
Angel et al. 1994, Rendell et al. 2004) compared to the waters around Galapagos and the 
Gulf of Mexico (Palacios 2002, Wawrik & Paul 2004). Similarly, the waters of southern 
Australia and Tasmania are relatively oligotrophic (Harris et al. 1991, Prince 2001) 
which may help explain the comparable isotope values of sperm whales documented in 
this study to that of the Galapagos and the Gulf of Mexico. 
Isotopic variance between strandings may also be attributed to seasonal or annual 
changes in the baseline 13C and 15N values. The variation between stranding 13C and 
15N values in this study is confounded by temporal factors due to each stranding 
occurring in a different year. In the present study the overall range in mean differences 
between the strandings/years in 13C (0.1 - 1.4 ‰ or 0.1 - 0.5 ‰ with outlier removed) 
and 15N values (0.5 - 2.4 ‰ or 0.5 - 1.2 ‰ with outlier removed) were relatively small. 
Ruiz-Cooley et al. (2004, 2012) documented comparable values between years in sperm 
whales in the Gulf of Mexico and Gulf of California, suggesting that the whales 
maintained a similar diet temporally within their overall foraging area. Conversely, 
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Galapagos and Chilean sperm whales displayed larger variation in skin 15N values 
collected on various yearly scales, likely reflecting changes in 15N values at the base of 
the food chain or in foraging behaviour resulting from prey dynamics (Marcoux et al. 
2007). 
The calves and adults from the Strahan stranding exhibited similar 13C values but a 
surprising dissimilarity in 15N values with the calves being at least a half trophic level 
below the adults. A strongly held hypothesis suggests that since lactating marine 
mammals catabolize their tissues to produce milk, offspring should follow a pattern of 
trophic enrichment relative to their mothers (Newsome et al. 2010). However, the 
evidence is mixed. Although a recent study reported comparable values between adult 
and juvenile long-finned pilot whales (Chapter 3) the 15N values of juveniles or smaller 
individuals of bottlenose dolphins, including independently feeding juveniles were 
more enriched in 15N compared to adults (e.g. Browning et al. 2014, Monteiro et al. 
2015a, Fontaine et al. 2015). However, the 15N values between mother and offspring 
are tissue and species specific. There is often a lower mother-offspring discrimination 
factor when comparing tissues other than the mother’s milk to the offspring (Cherel et 
al. 2015). Valenzuela et al. (2010) found very small 15N differences ( 0.5 ‰) when 
skin was compared between mother-calf pairs. However, this discrimination value may 
increase if differences were compared between the actual mother’s milk and the calf 
tissue (see Cherel et al. 2015). There may correspondingly be a lower 15N mother – calf 
discrimination value in cetaceans due to a possible lower overall discrimination factor 
(~ 1.5 ‰) between cetaceans and their prey, as was documented for captive bottlenose 
dolphins (Browning et al 2014, Giménez et al. 2016). 
This study supports other studies that have found that diet changes with size (Evans & 
Hindell 2004a) at least for males. Mendes et al. (2007b) found an increase in 15N values 
in sperm whale teeth with age, and presumably size. Similarly, Borrell et al (2013a) also 
found an increasing trend in 15N values of teeth with age in male sperm whales from 
Denmark although one immature male and all female sperm whales from NW Spain 
exhibited a decreasing trend. The differences were explained in terms of greater diving 
prowess of males as they matured leading to capture of larger prey whereas females 
may reduce their diving depth due to reproductive activity. However, the opposing 
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trend of lower 15N values in the calves relative to the adult females from the Strahan 
stranding in this study is unclear. The number of calves in this study was small (n = 2) 
and an analysis of a larger number of juveniles and calves might increase our 
understanding on this issue.  
Stomach contents 
Overall, the cephalopod species represented by the beaks from stomach contents in this 
study encompassed a fairly restricted range in 13C values both within and between 
species that implies that they occupy closely related and overlapping habitats in the 
mesopelagic to bathyl ecosystems. This is likely reiterated by the lack of any clear 
pattern in the 13C values between beaks of the same species from different strandings. 
The exception being a few squid species from Bakers Beach that were more depleted in 
13C, most likely a result of individual differences in foraging exhibited in this group of 
females. The larger variation for the Ommastrephidae sp. is likely due to the 
representation of more than one species with possible differences in habitat. Occupancy 
of similar habitats by the whales was further confirmed by the isotopic position of the 
three squid species used in this study which were caught in situ, relative to those from 
whale stomach contents. G. glacialis, which was caught around the subantarctic 
Macquarie island, was the most depleted in 13C and segregated from all other squid. 
This is possibly a result of higher latitudes exhibiting lower 13C values at the base of 
the food chain (Cherel & Hobson 2007). Conversely, the neritic squid S. australis caught 
in Tasmanian waters was the most enriched in 13C of all the squid, similar to the 13C 
values for the sperm whale and other deepwater squid. This can be explained in terms 
of inshore/offshore and pelagic/demersal isotopic gradients whereby inshore and 
deepwater demersal isotopic baselines are more enriched in 13C (Cherel & Hobson 
2007). Furthermore, the 13C values of H. atlantica previously caught in Tasmanian 
waters did not differ from 13C values of H. atlantica beaks from the sperm whale 
stomachs (despite the beaks of H. atlantica being of different sizes). Additionally, the 
parallel 13C values of sperm whales and pilot whales (Chapter 3) stranded around 
Tasmania both share overlapping 13C values for a number of squid prey species found 
in their stomachs. The majority of the squid species found in the sperm whale stomachs 
(with perhaps the exception of M. hamiltoni and Galiteuthis stC sp. (Imber), and H. 
hoylei) have also been captured in deepwater trawls in Tasmanian coastal waters (G. 
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Jackson, personal communication). Together this data suggests that the beaks probably 
represent cephalopods inhabiting analogous marine ecosystems in the vicinity of 
Tasmania, or at least similar latitude. Sperm whale movement based on marking 
programs around Australia has shown that sperm whales move longitudinally from the 
eastern Indian Ocean across waters south of Australia and over to New Zealand (Brown 
1981 cited in Evans & Hindell 2004a).  
The small graduating increase in 13C values observed for the cephalopod species in this 
study may be attributed to horizontal/vertical distributions in habitat, whereby more 
pelagic species are 13C depleted compared to more demersal species (see Cherel et al. 
2009a). Nevertheless, the complete distribution and habitat of many deepwater oceanic 
cephalopods is unknown (Hoving et al. 2014) and often inferred. All cephalopod species 
represented in the sperm whale stomachs of this study most likely inhabited the meso-
pelagic to bathypelagic zone. Moreover, all species were ammoniacal, with the exception 
of Ommastrephidae sp. from the Flinders Island and Bakers Beach strandings.  
Overlapping 13C values of the colossal squid M. hamiltoni, which is often recorded in 
Antarctic waters, with other squid species from Tasmanian waters suggests that this 
species may have a wide distribution (Remeslo et al. 2015). The colossal squid is 
thought to predominantly inhabit Southern Ocean waters, distributed from the 
Antarctic Convergence to 70S, and possibly penetrating northward to 40S (Remeslo et 
al. 2015). The large variation in 13C values exhibited by the colossal squid may 
represent a continuum from subtropical to cooler southern waters (Cherel & Hobson 
2005). Evans & Hindell (2004a) recorded Antarctic species from stomachs of sperm 
whales stranded in Tasmanian waters. It was proposed that either female and younger 
male sperm whales forage at lower latitudes than previously thought, or that the 
distribution of prey species is wider than previously known.  
Sperm whales stranded in Tasmanian waters foraged on cephalopods spanning a 
continuum of two trophic levels. This is similar or slightly larger than that observed for 
cephalopod beaks from sperm whales stomachs stranded in the North Atlantic (Cherel 
et al. 2009a). The relatively narrow range in 13C values for the beaks permitted a 
comparison of the trophic position of species based on their 15N values. The graduating 
enrichment in 15N between the squid species, from the lowest (Ommastrephidae sp.) to 
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the highest 15N values (the colossal squid) is likely due to a trophic continuum. The 
lower part of the trophic continuum includes species of ommastrephids (Pethybridge et 
al. 2012) as well as Moroteuthis ingens that feed on euphausiids and small fish like 
myctophids (Jackson et al. 1998, Philips et al. 2003) to the upper part of the continuum 
which includes the colossal squid which is expected to feed on larger fish and squid 
(Cherel & Hobson 2005). A similar trophic continuum was described for the Kerguelen 
cephalopod community (Cherel & Hobson 2005). M. hamiltoni was also reported as the 
highest predator in the Kerguelen cephalopod community (Cherel & Hobson, 2005). 
However, in the present study M. hamiltoni also overlaps with C. akimushkini, T. danae 
and four other cranchiids (Taonius sp. B (Voss), Chiroteuthis sp. F (Imber), T. pellucida 
and C. veranyi). Two cranchiids, Chiroteuthis calyx and M. hamiltoni have been reported 
to be slow moving rather than having an active lifestyle (Rosa & Seibel, 2010, Burford et 
al. 2015). The slow-moving sit-and-wait mastigoteuthid predator, Idioteuthis 
cordiformis, has also been shown to occupy a high trophic position in Tasmanian waters 
(15N, 15.8 ‰) (Chapter 2). Braid and Bolstad (2014) likewise obtained high 15N 
values for I. cordiformis and reported that based on DNA barcoding a large pelagic 
birdbeak dogfish and snapper were eaten by this species in New Zealand waters. The 
cranchiids, like the mastigoteuthid I. cordiformis, are also likely to be ambush–predator 
or sit-and-wait predators that may use suckers or hooks on their arms and tentacles to 
catch unsuspecting prey (Hoving et al. 2014) thus enabling them to catch larger prey 
higher up the food chain. This may explain why more fragile species such as T. pellucida 
have higher 15N values than some larger more robust cephalopod species such as A. 
dux.  
Whale skin and cephalopod beaks 
Sperm whale skin had the highest 13C values measured in this study but shared a 
similar trophic position to some of their prey, with some corrected 15N values 
exceeding that of the whales. The colossal squid, M. hamiltoni, was an estimated half to a 
full trophic level higher than the sperm whales. Furthermore, the 13C values of the 
majority of cephalopod species supported an overall expected trophic discrimination of 
~1 -2‰ between predator tissue and prey (de Niro & Epstein, 1978). The greater 
variation within the Bakers Beach stranding may be a result of variation due to 
individual differences as suggested previously. However, overall with the exception of a 
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few squid species that had the lowest corrected 15N values, most species fell outside 
the average 3 - 4 ‰ trophic discrimination values expected between predator and prey 
(Hobson & Welch, 1992). However, this was less pronounced in the Flinders Island 
stranding with sperm whales recording the highest 15N values compared to the beaks 
from their stomachs. 
Although recent research on captive fed bottlenose dolphins supports the commonly 
assumed trophic discrimination of ~ 1 ‰ for 13C between predator and prey, 
discrimination values of 1.5 - 2 ‰ for 15N were at the lower end of the commonly 
assumed trophic discrimination values of 2 - 5 ‰ (Browning et al. 2014, Gimenez et al. 
2016). Furthermore, current work on long-finned pilot whales also proposed that the 
trophic discrimination factor for those cetaceans might also be lower than expected 
(Chapter 3) which may be extrapolated to other cetaceans, including sperm whales. 
When comparing a common food source of sperm whales worldwide, Marcoux et al. 
(2007) reported a discrimination factor of one trophic level between 15N values of 
sperm whale skin and the unadjusted values of histioteuthid beaks. However, as they 
suggested and as indicated previously (see Chapter 2) the beaks of at least two 
histioteuthids and several other cephalopods are more impoverished in 15N relative to 
muscle (by ~ 3.7 ‰) and therefore 15N values need to be corrected accordingly. In 
contrast, the 13C and 15N values of sperm whales and their squid prey, Dosidicus gigas, 
in the Gulf of California fit well with expected predator-prey discrimination values 
(Ruiz-Cooley, 2004). Unlike the sperm whale study in the Gulf of California, where the 
diet is dominated by a single squid species, sperm whales in the present study 
consumed a greater variety of cephalopod prey with differing 13C and 15N values. The 
lack of a clear expected trophic discrimination factor, as found in the present study, 
does not necessarily preclude some organisms as prey since the diet is more diverse in 
some regions. Due to differential digestion of prey in the stomachs of sperm whales, 
other organisms such as fish may also be important prey items as documented in other 
regions of the world (see Harvey et al. 2014). In Tasmanian waters, based on the 
current data and that of Evans & Hindell (2004a), a mixed diet of squid (i.e. species with 
both low and high 15N values) is likely for sperm whales. 
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 Sperm whales have been documented as having a predominance of smaller 
cephalopods in their stomachs, less than 300 mm dorsal mantle length (DML) for 
whales stranded in Tasmania (Evans and Hindell, 2004a) and less than 400mm DML for 
whales stranded in Oregon (Harvey et al. 2014) (see also MacLeod et al 2006b, Santos et 
al. 1999). It is noteworthy that beaks of H. atlantica found in the stomachs of sperm 
whales in this study were at the smaller end of their biomodal size distribution based on 
LRL (Xavier et al. 2014). MacLeod et al. (2006b) hypothesized that the consumption of 
smaller prey by sperm whales may be due to the mode of prey capture. Relative to some 
other toothed whales, such as the common dolphin, sperm whales have reduced 
dentition and capture their prey using suction. Since many of their cephalopod prey are 
neutrally buoyant (Clarke 1980) it is likely that hunting and feeding on these slow-
moving groups of squid may increase foraging success and be energetically favorable 
(MacLeod et al. 2006b). The consumption of higher trophic level squid may be a result 
of the slow lifestyle of some of these species, such as M. hamiltoni and other cranchiids. 
The irregular predation on large cephalopods such as the colossal squid and the giant 
squid may be an important energy source as it would potentially reduce the number of 
prey needed to meet the energetic requirements of the sperm whale (Evans & Hindell 
2004a, Harvey et al. 2014). Unlike individual cephalopod species, cephalopod 
communities are not necessarily size-structured trophically (Cherel & Hobson 2005, 
Cherel et al. 2009a, Chapter 2). Therefore, it is likely that the lack of trophic size-
structure within the cephalopod community, the dominance of smaller cephalopods in 
the diet and the irregular consumption of higher trophic species has an important 
impact on the overall trophic position of the sperm whale in the Tasmanian region. 
Chapter 5 Diet of Beaked Whales 
 
111 
CHAPTER FIVE 
 
STABLE ISOTOPES PROVIDE ANSWERS FOR ELUSIVE 
PREDATOR-PREY INTERACTIONS – BEAKED WHALES 
STRANDED IN SUBTROPICAL WATERS 
 
Abstract 
Although beaked whales Ziphiidae sp. make up approximately one fourth of all 
cetacean species there is a paucity of foraging information for these elusive 
animals. The stable isotope method was used to assess beaked whale foraging 
dynamics based on skin δ13C and δ15N values for five species; Ziphius cavirostris 
(Cuvier’s beaked whale), Tasmacetus shepherdi (Shepherd's beaked whale), 
Mesoplodon grayi (Gray’s beaked whale), Mesoplodon hectori Hector’s beaked 
whale, Mesoplodon layardii (strap-toothed beaked whale) and one unidentified 
Ziphiidae sp. that stranded in the coastal waters off Tasmania, Australia between 
2001 and 2005. The δ13C values for beaked whale skin in this study ranged from 
–20.4 ‰ (C. cavirostris calf) to –17.6 ‰ (T. shepherdi) reflecting variation in 
habitat. The δ15N values of skin revealed a relatively restricted range (11.0 ‰, C. 
cavirostris calf to 13.2 ‰, T. shepherdi). Based on isotopic values, niche 
separation was implied with the Gray’s and strap-toothed beaked whales 
foraging in a potentially different habitat than the Hector’s and Shepherd’s 
beaked whales. Teuthowenia pellucida was numerically the most common 
cephalopod found in the stomach contents of the Cuvier’s beaked whale. 
Although the corrected cephalopod beak δ13C values from the Cuvier’s stomach 
contents confirmed the cephalopods as prey, all but one Histioteuthis macrohista 
beak exceeded the δ15N value of the whale (skin 12.1 ‰). Beak δ15N values 
ranged from 11.4 (H. macrohista) to 16.2 ‰ (Mesonychoteuthis hamiltoni). This 
may suggest that the whale was either supplementing its diet with other prey 
items or other cephalopod species that were not present in the stomach contents 
at the time of death. The Tasmanian cephalopod beak δ13C values ranged from –
19.3 ± 0.6 ‰ (Moroteuthis ingens) to –17.2 ±0.3 ‰ (Ancistocheirus lesueuri) and 
δ15N values ranged from 10.5 ± 1.1 ‰ (M. ingens) to 16.8 ± 0.7 ‰ (M. hamiltoni). 
Very few of these cephalopod species were potential prey resources for most 
beaked whales based on isotopic values. δ13C and δ15N values of muscle and liver 
were analyzed for selected whale species but no clear pattern was documented 
across species. The lack of a clear pattern highlights the need to use 
discrimination factors, the relative isotopic difference between a consumer and 
its prey, that are species and tissue specific (where possible) to be able to 
provide an accurate description of foraging. Likewise, ontogenetic differences in 
δ15N values of mother-calf pairs also appear to be species-specific with no clear 
pattern observed in this study. These results provide important information on 
the diet and pelagic habitat for these seldomly observed beaked whale species. 
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INTRODUCTION 
Beaked whales are considered relatively elusive due to infrequent encounters in 
the wild (Ferguson et al. 2006), possibly stemming from their deep diving 
behaviour and accompanying short, surface interval times in oceanic waters 
(Hilderbrand et al. 2015). However, beaked whales or family Ziphiidae, make up 
approximately one fourth of all cetaceans (MacLeod et al. 2003). They are often 
found singly or in small groups of six or less (Hilderbrand et al. 2015). 
Information relating to the approximate 21 recognized species is scant and 
primarily gleaned from strandings (Dalebout et al. 2004), although beaked 
whales only represent a very small percentage of total whale strandings (see 
Covelo et al. 2016). Nevertheless, commercial hunting for the northern 
bottlenose whale, Hyperoodon ampullatus off the Faroese Islands has resulted in 
this species being one of the most studied of all beaked whales (Bloch et al. 
1996). Cuvier’s beaked whale Ziphius cavirostris is one of the more common 
species to strand. It has a worldwide distribution from the ice edge to the 
equator (MacLeod et al. 2006a). Nevertheless, beaked whales such as the strap-
toothed whale Mesoplodon layardii and Shepherd’s whale Tasmacetus sherpherdi 
likely have a circumpolar distribution in the deep temperate waters of the 
southern hemisphere (Sekiguchi et al. 1996, MacLeod et al. 2006a, Pitman et al. 
2006). 
The distribution of a marine predator species within an ecosystem is likely 
influenced by the distribution of its preferred prey. Furthermore, resource 
partitioning and competition between species, resulting in subsequent niche 
separation within an ecosystem, is likely determined by the abundance of prey 
resources (MacLeod et al. 2003, Spitz et al. 2011). Beaked whales are medium-
sized cetaceans, predominantly feeding on oceanic squid and fish with some 
species having a prevalence of one or the other in their stomachs (e.g. Clarke & 
Goodall 1994, Santos et al. 2001b, Santos et al. 2007, Spitz et al. 2011, Wenzel et 
al. 2013). Additionally, oceanic crustaceans have also been recorded in stomachs 
of Ziphius cavirostris (MacLeod et al. 2003). Much of the available foraging 
information relates to three genera, Mesoplodon, Ziphius and Hyperoodon (e.g. 
Sekiguchi et al. 1996, Santos et al. 2007, Spitz et al. 2011, Wenzel et al. 2013, 
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Fernández et al. 2014). There is less dietary information available for the 
Tasmacetus, Indopacetus and Berardius genera (MacLeod et al. 2003, Best et al. 
2014). However, for a single specimen of T. shepherdi stranded off Tristan da 
Cunha Histioteuthis atlantica, Taningia danae, Ommastrephes bartrami and 
Pholidoteuthis ‘A’ comprised 79 % of the reconstituted mass of cephalopods in 
the whale stomach (Best et al. 2014). Despite the paucity of information on the 
trophic dynamics of beaked whales in general, stomach content analysis has 
provided foundational information for selected species (see MacLeod et al. 
2003).  
Stomach content analysis is acknowledged as having a number of shortfalls, 
including the fact that it is a recent ‘snapshot’ of the predator’s diet that may or 
may not be representative of a whale that has stranded due to unidentified 
causes (Evans & Hindell 2004a). Moreover, secondary ingestion, i.e. prey of prey, 
or differential digestion with preferential retention of hard parts such as 
cephalopod beaks cannot be discounted (Young et al. 2015a). On the other hand, 
a simultaneous analysis involving stable isotopes and stomach contents of a 
deepwater oceanic predator and its prey can provide a wider interpretation than 
is achievable using just one method alone (Hoving et al. 2014). 
Stable isotope analysis is an important ecological tool used to help elucidate the 
trophic ecology, habitat use and migratory patterns of marine species that are 
logistically challenging to study. Moreover, the ability to differentiate foraging 
habitats among free ranging species whether over short or long distances is 
important for their conservation (Hobson 1999). Isotopes can be used to study 
diet since the isotopic signature of marine species is directly connected to the 
signature of their prey (de Niro & Epstein 1978, 1981). Typically, δ13C values 
vary at the base of the food chain due to fluctuations in nutrient cycling but are 
comparatively consistent across trophic levels, thus carrying a signature 
mirroring isotopically distinct foraging habitats (deNiro & Epstein 1981, Hobson 
1999, Cherel & Hobson 2007, Layman et al. 2012). On the other hand, δ15N 
values vary in predictable step-wise enrichment with trophic transfer, 
approximately 2 - 5 ‰ between each trophic level (Post 2002). Consequently, 
documenting the relative trophic position between consumers, based on δ15N 
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values, provides a means to identify potential niche overlap and competition for 
resources between the consumers (e.g. Aurioles-Gamboa et al. 2013, Staudinger 
et al. 2014, Liu et al. 2015). 
The expression of dietary prey in δ13C and δ15N values is tissue specific (Borrell 
et al. 2013b). Stable isotopes of various marine mammal tissues mirror the 
pooled effects of metabolism (the balance between anabolism and catabolism) 
and growth rate (time for new tissue accretion) (Fry & Arnold 1982). Higher 
isotopic turnover is found in more metabolically active tissues (such as liver and 
blood) and hence echoes the diet of the consumer over a shorter and more 
recent time period. Conversely, tissues with lower metabolic rates such as 
muscle and collagen will reflect diet over a longer time period (Tieszen et al. 
1983, Hobson & Clark 1992, MacNeil et al. 2005, Malpica-Cruz et al. 2012). The 
time period denoted by these tissues may represent days to months to years 
contingent on the renewal rate of the tissue (Borrell et al. 2013b). Therefore, 
evaluating several tissues of an organism simultaneously may afford foraging 
information over various time scales (e.g. Kurle & Worthy 2002, MacNeil et al. 
2005). Additionally, as a consequence of differing turnover rates, the 
discrimination factors that are differences in the isotopic value of consumers 
relative to their prey, are also expected to vary depending on the tissue 
examined (Caut et al. 2009). This is a critical consideration when comparing the 
isotopic values of the consumer to the prey (Horstmann-Dehn et al. 2012). 
Beaked whales, although few in number are among the various species of 
cetaceans that strand in Tasmanian waters. The purpose of this study was to use 
stable isotope analysis to contribute to the understanding of the trophic 
dynamics of beaked whales particularly in the subtropical waters around 
Tasmania, off southern Australia. The objectives of the study were 1) to provide 
an estimate of the trophic position of beaked whales relative to other cetaceans 
in this region, 2) to determine the prey preference of beaked whales and 3) to 
determine if isotopic values of tissues with different isotopic turnover rates 
document dietary shifts over time.  
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METHODS 
Samples of beaked whales for this study were acquired from archived material 
held by the Tasmanian Department of Primary Industries, Parks, Water and 
Environment (DPIPWE). These samples were obtained from eight individual 
strandings in Tasmanian waters from 2001 to 2005 using standardized sampling 
protocol (Geraci & Lounsbury 2005) (Figure 5.1). Dorsal skin and muscle 
samples were taken from a standardized body site just anterior to the dorsal fin. 
Whale skin samples of approximately 1 cm2 were subsampled from frozen blocks 
of skin and blubber, held in a -20 C freezer. The 1 cm2 samples of skin were then 
cleaned and rinsed with distilled water after any remaining subcutaneous 
adipose tissue was removed with a scalpel. Similarly, clean 1 cm3 samples of liver 
and muscle, when available, were also subsampled from larger frozen blocks and 
subsequently rinsed in distilled water. All samples were then frozen in 
preparation for isotopic analysis. Animals were measured for total length (cm) 
by using a straight line from the tip of the rostrum to the deepest part of the 
notch in the tail fluke. Furthermore, each individual was sexed and assigned to 
an age/maturity class (adult, subadult and juvenile/calf) based on their length 
and maturity.  
Samples were also obtained for other potential dietary cephalopod resources of 
beaked whales. All whole specimens of squid were collected incidentally each 
fishing season from the deepwater commercial trawl fishing industry operating 
off southern and eastern Tasmania from 2001 to 2006. The sample of 
Nototodarus gouldi was obtained from a commercial fishermen operating in 
nearshore Tasmanian waters (see Chapter 2). Upon capture, cephalopods were 
either immediately frozen on board ship or packed fresh on ice until arrival at 
the port. Subsequently, the frozen squid were stored in a -20C freezer until 
further analysis while the ice-packed fresh squid were immediately frozen or 
dissected then frozen until analysis (see Chapter 2). Beaks of other cephalopod 
species were obtained from stomach contents of long-finned pilot whales 
Globicephala melas edwardii (Chapter 3) and sperm whales Physeter 
macrocephalus (Chapter 4) that mass stranded in Tasmanian waters. Specimens 
of Slosarczykovia circumantarctica and Histioteuthis eltaninae which were used 
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as isotopic references for Macquarie Island waters were collected on research 
cruises around Macquarie Island in June 2000 and December 2000/January 
2001 respectively (Chapter 2).  
 
 
 
 
  
 
 
Figure 5.1. Map of beaked whale stranding sites around Tasmania. 
 
 
When stomach contents for beaked whales were available, cephalopod beaks 
were separated and archived in 70 % ethanol. Only cephalopod beaks were used 
in this study and they were identified to species level where possible (Clarke 
1986, Xavier & Cherel 2009). Lower rostral lengths (LRL, nearest mm) were 
determined using digital calipers. Stomach contents that contained cephalopod 
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beaks were only available for an adult Ziphius cavirostris and Tasmacetus 
sherpherdi. 
Stable isotope analysis 
Just prior to isotopic analysis samples of skin, muscle and liver were freeze dried, 
ground to a small powder with a Wig–L-Bug® and delipidated in cyclohexane. 
The ground whale skin, muscle and liver samples along with 3 ml of cyclohexane 
were left to stand overnight in small covered test tubes under a fume hood. After 
delipidating overnight, samples were then centrifuged and the supernatant 
removed with a pipette. Samples were subsequently subjected to two more 
cyclohexane rinses. Between rinses the samples were allowed to stand for 
another 1 - 2 hours. Subsequent to delipidation, samples were left to dry 
uncovered under a fume hood overnight. 
All beaks were removed from ethanol and cleaned with distilled water. A small 
section of the wing tip in the direction of growth was then cut and rinsed with 
distilled water. The tip of the cephalopod wing represents the most recent 
growth of the beak and correspondingly the most recent somatic growth of the 
cephalopod (Cherel & Hobson 2005). Isotopic analysis was undertaken on whole 
wing tip samples or half wing tip samples for larger specimens. 
Except for Teuthowenia pellucida where a subsample was taken based of lower 
rostral length (LRL) size mode, isotopic analysis was conducted on all beaks 
from stomach contents. The relative abundance of carbon (13C/12C) and nitrogen 
(15N/14N) stable isotopes was determined by a Finnigan Delta Plus Advantage 
stable isotope-ratio mass spectrometer at the University of Victoria, British 
Columbia, Canada. There was a 10 percent replication measurement in each 
isotopic sample run. The results of the isotopic analysis are presented in the 
usual delta notation relative to Vienna PD belemnite for δ13C and atmospheric N2 
(AIR) for δ15N. Replicate measurements of internal laboratory standards (DORM) 
indicated measurement errors of ± 0.1 and ± 0.2 ‰ for δ13C and δ15N, 
respectively. 
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Statistical analysis 
δ13C and δ15N values of the skin from beaked whales were compared to assess 
the trophic niche of beaked whale species in the Tasmanian region. All 
cephalopod beak δ13C and δ15N values were corrected to represent muscle since 
relative to muscle, the tip of the beak wing are approximately 0.7 ‰ more 
enriched in 13C and 3.8 ‰ more depleted in 15N (Chapter 2). When available δ13C 
and δ15N values of whale tissues (muscle, liver, skin) were compared to δ13C and 
δ15N values of stomach contents (cephalopod beaks) from the same individual to 
determine if cephalopods found in the whale’s stomach are an important part of 
their diet. All beaked whales were compared with δ13C and δ15N values of 
potential cephalopod prey previously caught in Tasmanian waters as well as 
from selected beaks from the stomachs of pilot whales and sperm whales 
stranded in the same waters (see Chapter 2, 3, & 4). Additionally, the δ13C values 
of Histioteuthis eltaninae (–21.8 ± 0.5 ‰) and Slosarczykovia circumantarctica (–
23.4 ± 2.1 ‰) from Macquarie Island were used as isotopic comparisons for that 
region. Various tissues from the same individual, with different isotopic turnover 
rates, were also compared to ascertain if there were shifts in diet over time. All 
values are means ± standard deviation, where applicable.  
RESULTS 
Stable isotopes of ten beaked whales encompassing five different species as well 
as one unidentified beaked whale species were analyzed (Table 5.1). The lowest 
δ13C and δ15N values for beaked whales in this study were for Cuvier’s beaked 
whale Ziphius cavirostris (–20.4 and 10.9 ‰, respectively) while Shepherd’s 
beaked whale Tasmacetus shepherdi had the highest values (–17.6 and 13.2 ‰, 
respectively) (Table 5.2). The Shepherd’s beaked whale and Hector’s beaked 
whale Mesoplodon hectori appeared to have overlapping δ13C and δ15N values as 
did the strap-toothed whales Mesoplodon layardii, and Gray’s beaked whale 
Mesoplodon grayi (Figure 5.2). 
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Figure 5.2. δ13C and δ15N values of skin (filled symbols) and muscle (open 
symbols) for various cetacean species that stranded in Tasmanian coastal 
waters. All open squares are from Davenport & Bax, 2002. Long-finned pilot 
whales and sperm whales are from Chapter 3 & 4. Abbreviations, BD: bottlenose 
dolphin, CBW: Cuvier’s beaked whale, CD: common dolphin, GBW: Gray’s beaked 
whale, HBW: Hector’s beaked whale, STBW: strap-toothed beaked whale, KW: 
killer whale, PW: long-finned pilot whale, SBW: Shepherd’s beaked whale, SP: 
spotted porpoise, SRWD: southern right whale dolphin, SW: sperm whale. Values 
are means ± SD.  
 
 
 
  
Table 5.1. Stranding details (Tasmania, Australia) for all beaked whale species in this study, along with sex, maturity and length 
of specimens for each species. ND = no data. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Species Common Name Date of 
Stranding 
(d/m/y) 
Location Sex Maturity Length (cm) 
Ziphius cavirostris Cuvier’s 20/03/05 Ocean Beach  F adult 578 
  20/03/05 Ocean Beach  M calf 272 
Tasmacetus shepherdi Shepherd’s  16/06/03 Friendly Beaches ND adult ND 
Mesoplodon grayi Gray’s  27/12/02 Cloudy Bay Beach, Bruny Island M adult 512 
Mesoplodon hectori Hector’s  13/03/01 Four Mile Beach F adult 430 
Mesoplodon layardii Strap-toothed  19/01/04 Bruny Island F adult 552 
  29/04/04 Seymour Coastal Reserve F adult 592 
  05/01/05 Bruny Island F  adult 540 
  05/01/05 Bruny Island M calf 357 
Ziphiidae sp. Unidentified  18/04/05 Kingston Beach F calf 235 
  
Table 5.2. Skin δ13C and δ15N values of all beaked whales along with δ13C and δ15N values of muscle and liver for selected species. 
 
   skin muscle liver 
Species Maturity n 13C 
(‰) 
15N 
(‰) 
C:N mass 
ratio 
13C 
(‰) 
15N 
(‰) 
C:N mass 
ratio 
13C 
(‰) 
15N 
(‰) 
C:N mass 
ratio 
Ziphius 
cavirostris 
adult 1 –18.7 12.0 3.2 –18.9 12.0 3.1 –20.6 10.7 3.3 
 calf 1 –20.4 10.9 3.2       
Tasmacetus 
shepherdi 
adult 1 –17.6 13.2 3.3       
Mesoplodon 
grayi 
adult 1 –19.7 11.0 3.1 –18.2 12.5 3.0 –20.0 10.7 3.4 
Mesoplodon 
hectori 
adult 1 –17.7 12.5 3.1       
Mesoplodon 
layardii 
adult 3 –20.1 ± 0.4 11.3 ± 0.4 3.2 ± 0.2    –19.7 10.2 3.1 
 calf 1 –20.1 11.7 3.1    –19.7 12.5 3.3 
Ziphiidae sp. calf 1 –18.4 12.4 3.0 –17.0 14.5 3.2 –17.8 13.3 3.2 
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The δ13C values were almost identical for the adult strap-toothed whale between 
liver and skin. However, skin was more enriched in 15N than liver (+ 0.8 ‰) in 
the adult female but the reverse was true for the calf (- 0.8 ‰ respectively). 
Moreover, the calf had an almost identical δ13C value to its mother but slightly 
higher δ15N value. The δ13C and δ15N values of the liver and skin of the Gray’s 
beaked whale were almost identical. However, δ13C and δ15N values of the 
muscle were higher than the liver and skin (+ 1.5, - 1.8 ‰, both isotopes). In the 
unidentified beaked whale Ziphiidae sp., muscle also had the highest δ13C and 
δ15N values but all tissues tended to differ from each other in δ13C and δ15N 
values. Moreover, the δ13C and δ15N values of the Cuvier’s beaked whale 
exhibited similar muscle and skin values but the liver had higher values of δ13C 
and δ15N values (+ 2.0 and + 1.2 ‰ respectively) (Table 5.2).  
The ranges of corrected isotopic values of the cephalopod beaks from the 
Cuvier’s beaked whale were from –19.5 (Histioteuhis macrohista) to –18.6 ‰ 
(Teuthowenia pellucida) for δ13C and 11.4 (H. macrohista) to 16.2 ‰ 
(Mesonychoteuthis hamiltoni) for δ15N. The δ13C values fit well with the adult 
Cuvier’s specimen while the δ15N values of all of the prey (except for one H. 
macrohista beak) were higher than even the most 15N enriched tissue, the skin 
(12.1 ‰) (Figure 5.3). Conversely, one ommastephid beak found in the stomach 
of the Shepherd’s beaked whale not only had a δ13C value that fit well as prey of 
the predator (–17.6 ‰ for whale and –18.4 ‰ for beak) but also had a lower 
δ15N value (11.9 ‰) than the whale predator (13.2 ‰). 
Beaked whales were compared with 23 cephalopod species either caught in 
Tasmanian waters or sampled from the stomach of sperm and long-finned pilot 
whales that stranded in Tasmanian waters. Species were purposely placed in 
trophic sequence as opposed to taxonomic sequence, based on increasing 
corrected δ13C and δ15N values of cephalopod beaks and beaked whales to 
determine potential prey species of the beaked whale species. Two additional 
squid comparison species H. eltaninae (–21.8 ± 0.5 ‰) and S. circumantarctica 
(–23.4 ± 2.1 ‰) caught around Macquarie Island had the lowest corrected δ13C 
and δ15N values. The Tasmanian cephalopod corrected δ13C values ranged from –
19.3 ± 0.6 (Moroteuthis ingens) to –17.2 ±0.3 ‰ (Ancistrocheirus lesueuri) and 
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corrected δ15N values ranged from 10.5 ± 1.1 (M. ingens) to 16.8 ± 0.7 ‰ (M. 
hamiltoni) (Figure 5.4). 
 
 
Figure 5.3. δ13C and δ15N values for the skin, muscle and liver of a female Cuvier’s 
beaked whale (Ziphius cavirostris) (open symbols) in comparison to cephalopod 
beaks (corrected values, see Methods) from its stomach contents (filled 
symbols). Isotopic values of skin for the female’s calf are also given for 
comparison. Galiteuthis sp. 3, Galiteuthis sp. 3 (Imber); CBW: Cuvier’s beaked 
whale. Values are means ± SD. 
 
The strap-toothed whales, Gray’s beaked whale and one of the Cuvier’s beaked 
whales had the lowest δ13C values, although their values were close to some 
cephalopod species such as M. ingens and Octopoteuthis sp. (Figure 5.4). 
Moreover, only two Tasmanian cephalopod species (Lycoteuthis lorigera and M. 
ingens) had corrected δ15N values low enough to be important prey items in the 
diet of strap-toothed whales, Gray’s beaked whale and one Cuvier’s whale 
(Figure 5.5). 
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Figure 5.4. δ13C values of lower beak wings of cephalopods (corrected values, see 
Methods) captured in Tasmanian waters as well as from the stomach contents of 
sperm whales and long-finned pilot whales stranded in coastal waters around 
Tasmania. Open symbols are skin δ13C values from beaked whale species. 
Abbreviations, Octopo sp.: Octopoteuthis sp., Taonius sp. B: Taonius sp. B (Voss), 
Meg sp.: Megalochranchia sp., Chiro sp. F: Chiroteuthis sp. F (Imber), Galiteuthis 
sp. 3: Galiteuthis sp. 3 (Imber), Gali stC sp.: Galiteuthis stC sp. (Imber). Values are 
means ± SD. 
 
 
The Hector’s beaked whale and Shepherd’s beaked whale shared some of the 
highest values of δ13C with other cephalopods such as Histioteuthis hoylei and 
Galiteuthis stC sp. (Imber). Therefore, many cephalopod species would fit as 
possible prey based on corrected δ13C values (Figure 5.4). However, although 
Hector’s and Shepherd’s beaked whale shared similar δ15N values with some 
cephalopod species such as Octopoteuthis sp. and P. boschmai only a few species 
would be potential important prey items based on corrected δ15N values (e.g. 
Todarodes filippovae, H. macrohista, L. lorigera and M. ingens) (Figure 5.5). 
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DISCUSSION 
Beaked whale species in this study showed considerable variation in their δ13C 
and δ15N values. Nevertheless, there was a large amount of overlap in δ13C and 
δ15N values of some species with values obtained for several odontocetes in a 
previous study from this region (Davenport & Bax 2002). This infers a potential 
trophic overlap between some predators within the pelagic habitat. Based on  
 
 
 
 
Figure 5.5. δ15N values of lower beak wings of cephalopods (corrected values, see 
Methods) captured in Tasmanian waters as well as from the stomach contents of 
sperm whales and long-finned pilot whales stranded in coastal waters around 
Tasmania. Open symbols are skin δ15N values from beaked whale species. 
Abbreviations, Octopo sp.: Octopoteuthis sp., Gali stC sp.: Galiteuthis stC sp. 
(Imber), Galiteuthis sp. 3: Galiteuthis sp. 3 (Imber), Meg sp.: Megalochranchia sp., 
Chiro sp. F: Chiroteuthis sp. F (Imber), Taonius sp. B: Taonius sp. B (Voss). Values 
are means ± SD. 
 
δ15N values of beaked whales were an estimated one to two trophic levels lower 
relative to some predators that had similar δ13C values. For example, strap-
toothed whales and the Gray’s beaked whale were lower than bottlenose 
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Tursiops truncatus dolphins, the Cuvier’s beaked whale was lower than the killer 
whale Orcinus orca (Davenport & Bax 2002) and the Shepherd’s beaked whale 
and Hector’s beaked whale, which were similar to pilot whales Globecephala 
melas edwardii, were lower than the sperm whales Physeter macrocephalus 
(Chapter 3, 4, Figure 5.5). Likewise, Aurioles-Gamboa et al. (2013) documented 
that δ13C and δ15N values of beaked whales in the Gulf of California overlapped 
with other odontocetes such as sperm and pilot whales, as well as bottlenose 
dolphins. Nevertheless, the beaked whales in this study appeared to segregate 
into two main groupings conceivably representing separate niches. Strap-
toothed and Gray’s beaked whales were more depleted in 13C and 15N than the 
Shepherd’s and Hector’s beaked whales which both shared comparable values to 
long-finned pilot whales that stranded in the same waters (see Chapter 3). The 
adult Cuvier’s whale had intermediate values to these whales. 
MacLeod et al. (2003) in their review of beaked whale prey consumption, 
including prey size based on stomach content examination, proposed that 
Mesoplodon sp. and Ziphius sp. appear to inhabit separate niches. They 
documented that Mesoplodon sp. had the highest representation of fish in their 
stomachs, with some species’ stomachs comprised exclusively of fish. In contrast, 
Cuvier’s beaked whale stomachs virtually always comprised squid, and rarely if 
ever, contained fish (also see Santos et al. 2007). Furthermore, the squid prey in 
Mesoplodon sp. were smaller (< 500 g) compared to the Cuvier’s beaked whale (> 
1000g) (MacLeod et al. 2003). In contrast, prior studies on Gray’s beaked whale 
have not noted any cephalopods in their diet (Sekaguchi 1994 cited in MacLeod 
et al. 2003). In strap-toothed whales from South Africa and New Zealand waters 
over 94% of recorded items in stomach contents were cephalopods, with the 
predominant species being Histoteuthis sp. and Taonius pavo along with 
unidentified fish and crustaceans (Sekaguchi et al. 1996). Although no stomach 
contents were available for the strap-toothed and Gray’s beaked whales in the 
present study, δ13C and δ15N values indicate an overlap in their foraging habitats, 
but likely in different habitats than sperm whales and long-finned pilot whales. 
Furthermore, the δ13C and δ15N values of the cephalopods from the Tasmanian 
region do not fit well as potential prey for these two beaked whale species. 
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Strap-toothed and Gray’s beaked whales are likely distributed in temperate 
waters as far south as 63 o S, and further south to Antarctic waters, respectively 
(MacLeod et al. 2006a).  
On the other hand, the more enriched isotopic values of the Hector’s and 
Sherpherd’s beaked whales infer an analogous foraging habitat to that of long-
finned pilot whales from the Tasmanian region. Long-finned pilot whales are 
believed to have a diet consuming both cephalopods and fish probably in oceanic 
waters and along the continental slope (see Chapter 3). Although the diet of 
Hector’s beaked whales is relatively unknown, a recent dietary evaluation of a 
solitary specimen of a Shepherd’s beaked whale stranded off Tristan da Cunha in 
the South Atlantic acknowledged the presence of both fresh fish remains as well 
as cephalopod beaks (including Histioteuthis atlantica, Taningia danae, 
Ommastrephes bartrami and Pholidoteuthis ‘A’) (Best et al. 2014). The authors 
hypothesized that this species may alternately forage on fish and squid 
contingent on access to seamounts or the continental slope. The corrected δ13C 
and δ15N values of the ommastrephid T. filippovae caught in slope waters off 
Tasmania fit well as a potential food resource for the Shepherd’s beaked whale 
stranded in Tasmanian waters. Moreover, a single Ommastrephidae sp. beak 
retrieved from the stomach of the Shepherd’s beaked whale also suggests that 
this whale may have potentially foraged over the continental slope. More data is 
needed to confirm this theory. 
The widespread geographical distribution of Cuvier’s beaked whale in warm-
temperate to tropical waters as well as the higher number of strandings reported 
for this species has in part afforded a relatively substantial dietary data set 
(MacLeod et al. 2003, Santos et al. 2007). Cuvier’s beaked whale is primarily 
assumed to be a teuthophageous predator specializing on mesopelagic and 
bathypelagic species consistent with its oceanic habitat (e.g. Santos et al. 2007). 
Both numerically and in terms of biomass, Histioteuthidae, Cranchiidae and 
Gonatidae are the most important cephalopod families found in stomachs of 
Cuvier’s beaked whales (MacLeod et al. 2003). In the specimen examined in this 
study, the deep sea Cranchiidae, Teuthowenia pellucida was the most important 
numerically. T. pellucida has been caught in Tasmanian waters (Chapter 2) and 
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correspondingly Teuthowenia sp. was deemed an important prey item for a 
Cuvier’s beaked whale investigated from New Zealand waters (Fordyce et al. 
1979). In Scottish waters Cuvier’s beaked whales have been compared to sperm 
whales in terms of scope of prey consumed (Santos et al. 2001b). Sperm whales 
in the Tasmanian region also ingest similar cephalopod species (Chapter 4) to 
that consumed by the beaked whale in this study. However, even though sperm 
whales had higher δ15N values than the Cuvier’s beaked whale, their differing 
δ13C values preclude a direct trophic comparison (see Figure 5.5). Despite similar 
δ13C values to that of its prey the corrected δ15N values of all the cephalopod prey 
(except for one H. macrohista) from the stomach of the Cuvier’s whale in this 
study (11.5 to 16.2 ‰) exceeded all δ15N values from any of the whale’s tissues 
(i.e. liver, muscle or skin, 10.7 to 12.0 ‰). Moreover, this beaked whale 
consumed two species of cephalopods (Taonius sp. B (Voss) and M. hamiltoni) 
that have two of the highest δ15N values for this region (Chapter 4). Taonius sp. B 
(Voss) and M. hamiltoni are cranchiids which are probably slow moving (Rosa & 
Seibel 2010, Burford et al. 2015) and hence easy prey for a whale that forages by 
suctioning-feeding (MacLeod et al 2006b). M. hamiltoni was also noted in the 
stomach of a Cuvier’s beaked whale stranded off New Zealand (Fordyce et al. 
1979). However, since none of the cephalopod species found in the stomach of 
the Cuvier’s beaked whale in this study fit the expected trophic discrimination 
between predator and prey based on 15N (2- 5 ‰) (Post 2002) it is likely that 
additional lower trophic organisms (including other cephalopods) may be key 
prey items for Cuvier’s beaked whale in this region. Crustaceans may be an 
important prey item for this whale species (MacLeod et al. 2003). Alternatively, 
the beaks in the stomachs may not be representative of its normal foraging 
habitat, although similar δ13C values would suggest otherwise. 
A small fishery targeting Cuvier’s beaked whales in Japanese waters afforded an 
opportunity to extract dietary information related to water depth (Nishiwaki & 
Oguro 1972). It was noted that this species of beaked whale principally 
consumed cephalopods at depths less than 1000 m but switched to fish at depths 
greater than 1000 m. Nishiwaki and Oguro (1972) postulated that Cuvier’s 
beaked whales are opportunistic foragers. The range of prey species found in the 
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present study as well as other studies (see Blanco & Raga 2000, MacLeod et al. 
2003, Santos & Pierce, 2005, Santos et al. 2007, Spitz et al. 2011) along with δ15N 
values of cephalopod prey that exceed that of the predator implies that the whale 
is likely a generalist feeder targeting abundant species within its foraging path 
(MacLeod et al. 2003). 
From a methodological point of view, it is crucial when considering potential 
food sources for consumers to use discrimination factors that are both tissue and 
species specific where possible. This is because the isotopic difference between 
the consumer and its prey may vary according to the species or tissue being 
examined (Caut et al. 2009). Skin is a common tissue used in cetacean research 
principally due to non-lethal methods of attaining samples such as biopsy darts 
and collection of skin sloughs (e.g. Ruiz-Cooley et al. 2004, Marcoux et al. 2007, 
Ryan et al. 2012, Hunt et al. 2013). However, muscle tissue is still one of the 
tissues of choice for isotope studies despite its slower turnover rate than plasma 
for example, which is likely to reflect recent feeding (Tieszen et al. 1983, Vander 
Zanden et al. 2015). Horstmann-Dehn et al. (2012) reported that skin was 
generally more enriched in 15N than muscle for bowheaded whales Balaena 
mysticetus and gray whales Eschrichtius robustus but not for belugas 
Delphinapterus leucas. Likewise, the skin of long-finned pilot whales has also 
been documented to be more in enriched in 15N than muscle (Abend & Smith 
1997, Fontaine et al. 2015). Nevertheless, Borrell et al. (2013b) found that the 
discrimination factors for 15N between skin and muscle of fin whales 
Balaenoptera physalus and their prey (euphasiid krill, Meganyctiphanes 
norregica) was similar. These contrasting results highlight the need to validate 
the discrimination factors between tissues of consumers and their prey for the 
species being studied where possible (Caut et al. 2009). 
Analysis of multiple tissues from the same animal simultaneously may provide a 
way to understand cetacean feeding on a larger temporal scale than the 
examination of a single tissue (Hobson et al. 1996). Recent experiments on 
bottlenose dolphins held in captivity on a constant diet have shown that their 
skin had a half life of 48 days for nitrogen, representing a turnover rate of up to 
six months (95%) (Giménez et al. 2016). This is in contrast to internal organs 
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such as liver that have a much shorter turnover rate and consequently represent 
foraging over a shorter time period (Boecklen et al. 2011, Vander Zanden et al. 
2015). No clear overall pattern was found for the beaked whales in this study 
except that different tissues likely represent changes in foraging. The strap-
toothed whale that had similar δ13C values for the liver and skin was possibly 
consistently foraging in a similar habitat over an extended period of months. In 
contrast, the metabolically active liver that is likely to have a shorter turnover 
than skin (Tieszen et al. 1983, Martínez del Rio & Carleton 2012) and was more 
depleted in 15N might imply a shift in prey. Similarly, the Cuvier’s beaked whale 
had similar isotopic values between muscle and skin but the liver was more 
depleted in 13C and 15N suggesting a recent change in foraging habitat. 
Furthermore, the unidentified Ziphiidae sp. may be a more mobile species since 
all three tissues were different, with muscle being the most enriched in both 13C 
and 15N.  
The δ13C and δ15N values of mother-calf pairs demonstrated mixed results. The 
strap-toothed calf had identical δ13C values to the mother but had higher δ15N 
values relative to the mother. Conversely, the Cuvier’s calf had lower values in 
both δ13C and δ15N values than its mother. While size or maturity is often 
associated with increasing δ15N values (e.g. Lesage et al. 2001, Mendes et al. 
2007b) some studies have indicated a decreasing trend in δ15N values with size 
(e.g. sperm whales, Borrell et al. 2013a). However, since mothers catabolize their 
tissues to produce milk it is generally accepted that calves should display trophic 
enrichment in 15N relative to the mother (Newsome et al. 2010). Yet the data is 
mixed with no difference in δ15N values between juveniles/calves and their 
mothers indicated in some studies (e.g. long-finned pilot whales, Chapter 3). 
However, Cherel et al. (2015) proposed that this trophic enrichment of 15N is 
likely more visible when δ15N values of the tissue from the calf is compared to 
the mother’s milk rather than tissue from the mother.  
In conclusion, even though the sample size of the beaked whales in this study is 
small, this research contributes new information relating to the trophic ecology 
of these elusive and poorly studied whales. The data supports the hypothesis by 
MacLeod et al. (2003) that niche separation is likely for some beaked whale 
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species. The combination of stable isotopes along with stomach content analysis 
highlighted that some species thought to be teuthophageous (i.e. Cuvier’s beaked 
whale) might also be consuming other organisms. Alternatively they may be 
feeding on other cephalopods not present in the stomachs of these stranded 
individuals that impact their isotopic signature and subsequent trophic position. 
Differential digestion and preferential retention of certain hard parts such as 
cephalopod beaks may skew the stomach content data towards cephalopods 
(Santos et al. 2001a, Young et al. 2015a). Furthermore, some beaked whale 
species may not spend all their time foraging in waters surrounding Tasmania. 
Continued research is needed to determine if the results here can be generalized 
within and between species. 
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CHAPTER SIX 
GENERAL DISCUSSION AND FUTURE DIRECTIONS 
Methodology - Using predators as biological samplers  
This study has highlighted the use of two different techniques used in concert to 
greatly improve our understanding of the trophic dynamics for cetacean-
cephalopod interactions in subtropical waters around Tasmania. Stable isotope 
analysis is based on the premise that ‘you are what you eat’ rather than a snapshot 
of ingested prey as in stomach content analysis. Using predators as biological 
samplers along with stable isotope analysis can provide information from basic 
foraging behaviour of a predator to complex community dynamics of their prey over 
differing temporal and spatial scales. This would normally require significant 
sampling effort (if even possible) to achieve a similar result if undertaken using 
conventional methods (Crawford et al. 2008). This is particularly true for the 
sampling of oceanic cephalopods that have no commercial value, such as large 
gelatinous or ammoniacal squids. Due to their remote habitat, oceanic cephalopods 
are less frequently sampled (Staudinger et al. 2013, Xavier et al. 2015). However, 
oceanic cephalopods in all water masses from the tropics to the poles are important 
prey resources for many bird, fish and marine mammals (Xavier et al. 2002, Evans & 
Hindell 2004a, Daneri et al. 2012, Staudinger et al. 2013, Xavier et al. 2014, 
Guerreiro et al. 2015, Negri et al. 2016, Seco et al. 2016). Teuthophageous predators 
that ingest a diverse array of cephalopods differing in size and maturity 
subsequently retain and often accumulate the cephalopod beaks from their prey in 
their stomachs. The use of opportunistic stranding events of whales for example, can 
provide access to cephalopod beaks that would otherwise be not available. An 
analysis of the stomach contents of the predator is likely to provide an enhanced 
picture of the cephalopod community than may be obtained through conventional 
sampling methods (Staudinger et al. 2013). 
The use of predators as biological samplers in this, and other studies, is nevertheless 
constrained by the predator’s trophic interactions including their foraging habit and 
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prey preference. Many toothed whales are opportunistic teuthophageous predators 
thus providing a good snapshot of the cephalopod community. However, these 
snapshots are dependent on the foraging behaviour of the whale species and may 
reflect seasonal, sex-related or morphological differences. Most strandings of 
toothed whales in Tasmanian waters occur in the late spring or summer months. 
Male bull sperm whales Physeter macrocephalus only forage in subtropical waters 
during mating time, normally residing in cooler waters toward the poles (Gosho et 
al. 1984). Moreover, some toothed whales, such as sperm whales and pilot whales 
Globicephala melas edwardii, are also sexually dimorphic potentially diving and 
feeding at different depths. Prey size preference as well as beak accumulation and 
digestion rates may also influence sampling as toothed whale prey selection has 
been attributed to morphological differences in mode of prey capture (MacLeod et 
al. 2006b). Smaller beaks from stomach contents may be more difficult to identify 
due to immature morphological differences compared to mature specimens. 
Furthermore, smaller squid and octopods are digested more quickly and therefore 
the beaks are more likely to be damaged in predator stomachs, resulting in them 
being difficult to identify or excreted by the predator (Staudinger et al. 2013).  
Despite the caveats of using predators as biological samplers the use of 
teuthophageous predators has also provided previously unreported ecological 
information not only of the prey but also of the consumer themselves. Predator-prey 
interactions have been documented on the distribution, abundance, trophic level 
and trophic interactions for a number of teuthophageous predators in different 
water masses (Cherel et al. 2009a, Roberts et al. 2011, Staudinger et al. 2014, 
Walters et al. 2014, Seco et al. 2016). Furthermore, Xavier et al. (2013) showed how 
stomach contents of the grey-headed albatross Thalassarche chrysostoma reflected 
changes in environmental conditions with a shift away from cephalopods to 
Antarctic krill Euphausia superba around South Georgia during the austral summer 
of 1999/2000 when there were anomalously high sea surface temperatures relative 
to other years. This clearly demonstrates the usefulness of using cephalopod 
predators to monitor community changes by assessing the presence and relative 
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abundance of cephalopods to other prey. Stomach content analysis may also 
document latitudinal changes in prey distribution that reflects environmental 
changes due to temperature or other anthropogenic stressors such as overfishing 
(Staudinger et al. 2013). 
The simultaneous use of techniques, such as stomach contents, stable isotopes, fatty 
acid, heavy metal or molecular genetic analyses can provide powerful results in 
elucidating the community structure of prey (such as cephalopods) as well as 
determining the foraging preferences of a predator (Xavier & Croxall 2007, Cherel et 
al. 2009a, Hoving et al. 2015, Young et al. 2015a). Additional information can be 
attained that would not otherwise be available if only one technique was applied in 
the study. For example, due to differential digestion of prey, the presence of only 
hard parts such as cephalopod beaks in the stomachs of a predator (which may have 
accumulated over time) could initially indicate that a predator is teuthophageous. 
However, the isotopic analysis of both the predator and the stomach contents may 
provide additional information that indicates that the predator’s diet is not 
dominated by cephalopods but supplemented or even dominated by other 
organisms. The examination of δ13C and δ15N values for female southern elephant 
seals from Kerguelen Islands in conjunction with their main prey revealed they are 
predominantly myctophid feeders rather than squid feeders as previously thought 
(Cherel et al. 2008). 
Pelagic predators in Tasmanian waters 
In marine ecosystems that are characterized by a diversity of odontocetes there is 
often evidence of considerable overlap as well as segregation between the foraging 
niches as reflected in δ13C and δ15N values (e.g. Spitz et al. 2011, Aurioles-Gamboa et 
al. 2013). The foraging niche of odontocetes may be evaluated based on three major 
dimensions including 1) the trophic level whereby various characteristics of their 
main prey are examined 2) a spatial level related to their foraging activity and 3) a 
temporal level related to their movement and diel activity patterns (Spitz et al. 
2011).  
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There was considerable overlap in the δ13C and δ15N values of the toothed whales in 
this study with other pelagic marine mammals from the region (Davenport & Bax 
2002). A similar overlap in δ13C and δ15N values was also found in the Gulf of 
California where, not surprisingly, the killer whale Orcinus orca appears to be a top 
predator (Aurioles-Gamboa et al. 2013) similar to that found for the Tasmanian 
region (based on δ15N values from Davenport & Bax 2002). Furthermore, sperm, 
pilot and beaked whales from the Gulf of California, also exhibited close δ13C and 
δ15N values likely representing niche overlap (Aurioles-Gamboa et al. 2013). In the 
northwest Mediterranean the difference in 15N enrichment of sperm whales 
compared to pilot whales was much lower (1 ‰) (Praca et al. 2011) than that found 
in the present study. Sperm whales stranded around Tasmania were equivalent to 
approximately one trophic level higher than pilot whales based on δ15N values. The 
high δ15N values of sperm whales provide evidence of their higher order predation 
in the Tasmanian region. The sperm whales also had higher δ15N values than 
Cuvier’s (adult) Ziphius cavirostris, Shepherd’s Tasmacetus shepherdi, Ziphiidae sp. 
and the Hector’s beaked whales Mesoplondon hectori. However, the Gray’s 
Mesoplodon grayi and strap-toothed beaked whales Mesoplodon layardii had lower 
δ15N values than the sperm whales but also appeared to be from a different habitat 
(based on δ13C values) and therefore are not comparable (Figure 6.1).  
A review of the diet in beaked whales reveals that some species likely have very 
different dietary niches (MacLeod et al. 2003). The stomachs of the genus 
Mesoplodon (including Gray’s, Hector’s and strap-toothed beaked whales) generally 
had smaller cephalopod prey (less than 500 g) compared to that of Ziphius (Cuvier’s 
beaked whale). The Cuvier’s beaked whale had species with a mean weight of over 
1000 g in their stomach contents (MacLeod et al. 2003). Sperm whales have also 
been documented as having a predominance of relatively smaller cephalopods in 
their stomachs (Evans & Hindell 2004a, Harvey et al. 2014). However, this present 
study documented that all whale species analysed had ingested some cephalopods 
with higher δ15N values than themselves, such as Mesonychoteuthis hamiltoni and 
Taonius sp. B (Voss).  
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The irregular predation on larger cephalopods by some whales may reduce the 
amount of prey needed to meet their energetic requirements at any one time (Evans 
& Hindell 2004a, Harvey et al. 2014). Although some whales may eat larger 
cephalopods this does not necessarily assume a higher δ15N value or trophic level 
for the whale since cephalopod communities are not size structured according to 
trophic level (Cherel & Hobson 2005, Cherel et al. 2009a). For example, two large 
cephalopod species such as Taningia danae and Lepidoteuthis grimaldi can have high 
and low δ15N values, respectively (Cherel et al. 2009a). 
Figure 6.1. Skin δ13C and δ15N values of all toothed whales from this study stranded 
in Tasmanian waters 
 
One of the most surprising factors in this study overall was the similar δ13C values 
but clear lack of trophic enrichment of δ15N of whales over the cephalopod beaks 
from their respective stomachs. Many cephalopod species had higher δ15N values 
than their whale consumers. Most of the odontocetes in this study, with the 
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exception of Sherpherd’s beaked whale where the diet is largely unknown, are 
considered to be teuthophageous to a greater or lesser extent (Clarke 1996, 
MacLeod et al. 2003, Fernández et al. 2009). A plausible explanation for the lack of 
trophic enrichment is they are also supplementing their diet with lower trophic 
organisms that are not represented in the stomach contents. This may mean that 
smaller cephalopods, where the beaks are not retained in the stomach due to being 
more easily damaged and excreted, or other organisms such as fish, crustaceans or 
salps are being consumed. This explanation may be particularly relevant to the pilot 
whales, which have been documented in the northeast Atlantic to also consume fish 
and salps, sometimes in significant proportions (Spitz et al. 2011). Crustaceans have 
also been found in Cuvier’s beaked whale stomachs in substantial amounts 
(MacLeod et al. 2003). Cuvier’s beaked whales have also been documented as 
consuming cephalopods at depths less than 1000 m but switching to foraging on fish 
at depths greater than 1000 m (Nishiwaki & Oguro 1972). On the other hand, sperm 
whales appear to be almost exclusively teuthophageous with other organsims 
infrequently found in the stomach contents of hunted or stranded animals (Clarke 
1980, Evans & Hindell 2004a). The δ15N values of the sperm whales when compared 
to the stomach contents suggest that their δ15N value is dependent on a mixture of 
lower and upper trophic level cephalopods rather than supplementing with other 
lower trophic organsims.  
Neither stomach content analysis or stable isotopes are able to identify all dietary 
contributions as there can be multiple combinations of sources all contributing to 
the observed isotopic value of the consumer (Layman et al. 2012). However, an 
examination of the isotopic value of the consumer and the prey provides pertinent 
information on the completeness of the stomach content analysis. 
An alternative explanation to why the cephalopod prey of some whale species have 
δ15N values exceeding that of their predator, is that the trophic discrimination factor 
(the difference between the consumer and its food) may be lower for some whale 
species than commonly thought. Captive experiments on bottlenose dolphins 
revealed a trophic discrimination factor closer to 1.5 - 2 ‰ for 15N instead of the 2 - 
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5 ‰ normally reported (Post 2002, Browning et al. 2014, Giménez et al. 2016).  
There was substantial similarity in the cephalopod species represented in the 
stomach contents of the various toothed whale species examined in this study 
(Figure 6.2). All toothed whale species consumed a variety of cephalopod species 
representing a range in δ15N values (Figure 6.3). Sperm whales consumed all the 
same cephalopod species represented in the pilot whale stomachs with the 
exception of two species (Lycoteuthis lorigera and Chiroteuthis capensis) (Table 6.1). 
L. lorigera was well represented numerically in the diet of Bicheno and Marion Bay 
pilot whales. It is also the lowest trophic level cephalopod consumed by any of the 
toothed whales in this study, which may be partially responsible for the overall 
lower δ15N for pilot whales relative to other whales. However, sperm whales had a 
much greater diversity of species in their stomachs, with an additional 13 species 
not consumed by pilot whales. Stranded sperm whales in Tasmanian waters have 
previously recorded close to 50 cephalopod species (Evans & Hindell 2004a). With 
the exception of Gonatus antarcticus and Discoteuthis laciniosa sperm whales also 
ingested similar cephalopod species to the Cuvier’s beaked whale (Table 61).  
The presence of similar species represented in the stomachs of sperm and Cuvier’s 
whales may be explained by foraging in similar deepwater and bathypelagic 
habitats. Sperm whales and Cuvier’s whales are known to dive to great depths of 
approximately 1860 m (Watwood et al. 2006, Davis et al. 2007, Teloni et al. 2008) to 
3000 m (Schorr et al. 2014) respectively, to forage for prey compared to pilot 
whales which dive to slightly shallower depths of 360 m (Baird et al. 2002) to over 
800 m (Heide-Jørgensen et al. 2002). 
Our results concur with previous results for sperm whale diets, with no neritic or 
inshore cephalopod species found in their stomachs (Fernández et al. 2009). 
Moreover, the isotopic values of the cephalopod species are more representative of 
oceanic or bathypelagic species (Das et al. 2003) (Figure 6.2 and 6.4). Similarly, the 
overall habitat of the cephalopod species from the Cuvier’s beaked whale is 
predominantly oceanic (Figure 6.4). 
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Table 6.1. Cephalopod prey species found in stomachs of toothed whales stranded in 
Tasmanian waters. LFPW, Long finned pilot whale Globicephala melas edwardii; SW, 
Sperm whale Physeter macrocephalus; CBW, Cuvier’s beaked whale Ziphius 
cavirostris; SBW, Shepherd’s beaked whale Tasmacetus shepherdi. 
Family Species LFPW SW CBW  SBW 
Lycoteuthidae Lycoteuthis lorigera     
Enoploteuthidae Ancistocheirus lesueuri     
Octopoteuthidae Octopoteuthis sp.     
 Taningia danae     
Onychoteuthidae Moroteuthis robsoni     
Cycloteuthidae Cycloteuthis akimushkini     
 Discoteuthis laciniosa     
Gonatidae Gonatus antarcticus     
Lepidoteuthidae Lepidoteuthis grimaldi     
 Pholidoteuthis boschmai     
Architeuthidae Architeuthis dux     
Histioteuthidae Histioteuthis atlantica     
 Histioteuthis hoylei     
 Histioteuthis macrohista     
 Histioteuthis miranda     
Ommastrephidae Ommastrephidae sp.     
Chiroteuthidae Chiroteuthis sp. F (Imber)     
 Chiroteuthis capensis     
 Chiroteuthis veranyi     
Cranchiidae Taonius sp. B (Voss)      
 Teuthowenia pellucida     
 Megalocranchia sp.     
 Galiteuthis sp. 3 (Imber)     
 Galiteuthis stC sp. (Imber)     
 Mesonychoteuthis hamiltoni     
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In contrast, pilot whales have often been recorded as foraging in both shelf and 
oceanic habitats (Fernández et al. 2009). Some stranded individuals have had neritic 
species represented in their stomach contents (Gales & Pemberton 1992, Beatson et 
al. 2007a). In the Bay of Biscay in the northeast Atlantic, pilot whales were reported 
 
Figure 6.2. Mean  SD of cephalopod beak δ13C and δ15N values for all species 
consumed by Sperm Physeter macrocephalus, Pilot, Globicephala melas edwardii 
Cuvier’s Ziphius cavirostris and Shepherd’s beaked whales Tasmacetus shepherdi in 
this study. 
 
to have ingested both oceanic and neritic cephalopod species (Spitz et al. 2011). 
However, it is always uncertain as to whether stranded individuals have fed 
normally in the days prior to their death. Comparison of isotopic values of the 
whales to their stomach contents can help illuminate this uncertainty. There was an 
absence of any neritic cephalopod species in the stomachs of the stranded pilot 
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species in this study. Furthermore, the isotopic value of the cephalopods and the 
whales indicated a slope or oceanic habitat. Nevertheless, it is possible some pilot 
whales may have been feeding over the outer shelf. Overall, although there was an
 
Figure 6.3. Mean  SD beak δ15N values of cephalopod species consumed by toothed 
whales (Sperm Physeter macrocephalus, Pilot, Globicephala melas edwardii Cuvier’s 
Ziphius cavirostris and Shepherd’s beaked whales Tasmacetus shepherdi) from this 
study as well as all cephalopod species caught in waters around Tasmania. 
Galiteuthis stC sp., Galiteuthis stC sp. (Imber); Galiteuthis sp. 3, Galiteuthis sp. 3 
(Imber); Chiroteuthis sp. F, Chiroteuthis sp. F (Imber)  
 
overlap in prey species and foraging habitat, the foraging niches of the sperm, pilot 
and Cuvier’s whales appear to be relatively separated (Figure 6.1). This reinforces 
the likelihood that both the pilot whales and the Cuvier’s beaked whale are eating 
other unknown prey. 
The similarity between the δ13C values of the cephalopods from the stomachs of the 
stranded whale predators and the cephalopods caught in Tasmanian waters 
suggests that the odontocetes in this study had been foraging in subtropical waters 
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(Figure 6.4). δ13C values can only give a broad indication of habitat. For example, 
Moroteuthis ingens from New Zealand had similar δ13C values to M. ingens caught in 
 
Figure 6.4. Mean  SD beak δ13C values of cephalopod species consumed by toothed 
whales (Sperm Physeter macrocephalus, Pilot, Globicephala melas edwardii Cuvier’s 
Ziphius cavirostris and Shepherd’s beaked whales Tasmacetus shepherdi) from this 
study as well as all cephalopod species caught in waters around Tasmania. Taonius 
sp. B, Taonius sp. B (Voss); Galiteuthis sp. 3, Galiteuthis sp. 3 (Imber); Chiroteuthis sp. 
F, Chiroteuthis sp. F (Imber); Ommastreph sp., Ommastrephidae sp.; Galiteuthis stC 
sp., Galiteuthis stC sp. (Imber)  
 
Tasmanian waters and Sthenotuethis oualaniensis caught in waters off eastern 
Australia also had similar values to pelagic squid caught in Tasmanian waters. Since 
the small and large scale migration patterns are not clearly understood for many of 
the toothed whale species that strand in Tasmanian waters cephalopod habitat can 
only be inferred. However, tagged sperm whales have been observed moving 
longitudinally in waters south of Australia over to New Zealand (Brown 1981 cited 
in Evans & Hindell 2004a). Despite this, many of the cephalopod species 
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documented in the stomach contents of the whale species have been previously 
observed as by-catch in Tasmanian waters (G. Jackson personal communication). 
An overview of the cephalopod species represented in the stomachs of the toothed 
whales in this study supports the idea that competition between whales and 
fisheries (at least as it relates to cephalopods) is unlikely to pose a major threat to 
the status of fisheries in this region. Many of the cephalopods consumed are 
gelatinous or ammoniacal and not subject to commercial fisheries. Moreover, any 
remaining species are not being commercially harvested, with the one exception 
being Ommastrephidae sp. that were consumed by most toothed whales in this 
study although not in substantial numbers. The only ommastrephid being 
commercially harvested in Tasmanian waters is the shelf species Nototodarus gouldi 
(Stark et al. 2005). This is a potential important prey item for pilot whales but not 
for sperm whales and Cuvier’s beaked whales that appear to forage in deeper 
waters. However, in the Tasmanian region prey competition with fisheries does not 
appear to be a major threat to whale population recovery.  
The recovery of whale populations in Australia from years of overexploitation due 
to industrial whaling has been sporadic and incomplete. It appears it is 
predominantly the baleen whales as opposed to the toothed whales that are 
currently more highly endangered or vulnerable (e.g. blue whale Balaenoptera 
musculus, southern right whale Eubalaena australis, sei whale Balaenoptera borealis, 
fin whale Balaenoptera physalus and humpback whales Megaptera novaeangliae) 
(https://www.environment.gov.au) which do not consume cephalopods. Although 
all cetaceans are now protected in Australian waters it is likely that to ensure 
continued whale recovery a multi-species ecosystem based management system 
would appear to be needed. This kind of management serves to protect interacting 
species as opposed to a single species in isolation (Boyd 2002, Williams et al. 2011). 
For example, prey requirements (e.g. squid) would be taken into account when 
managing and protecting toothed whale species such as sperm whales. The toothed 
whales examined in this study do not appear to be highly specialized in their dietary 
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requirements like the southern resident killer whale in the northeastern Pacific 
(Orcinus orca) whose primary prey is Chinook salmon (Orcorhynchus tshawytscha) 
(Williams et al. 2011). While the whales in this study appear to specialize on oceanic 
cephalopods, there is some flexibility in the range of species consumed. Given the 
central and significant role that cephalopods play in the marine ecosystem (Coll et 
al. 2013) this would appear to be an important step for continuing to see a recovery 
in whale populations. While fisheries do not heavily target cephalopods consumed 
by the toothed whales in this study, they have been product of deep-sea fishery by-
catch in Tasmanian waters (G Jackson, personal communication). 
Cephalopod community 
 Overall a total of 31 cephalopod species and two mixture of species 
(Ommastrephidae sp. and Octopoteuthis sp.) were obtained either through by-catch 
of a deepwater Tasmanian fishery, commercial fisheries or from odontocetes used 
as biological samplers in this study. The overall relatively restricted values of δ13C 
ranged from –18.6 ‰ and –18.8 ‰ for species such as Histioteuthis macrohista and 
Moroteuthis ingens, respectively (with lower δ13C values reflective of an oceanic 
habitat) to –16.6 ‰, –16.7 and –16.8 ‰, respectively for Ancistocheirus lesueuri, 
Idioteuthis cordiformis and Architeuthis dux respectively (with higher δ13C values 
more representative of a deepwater or benthopelagic habitat). Inshore or neritic 
cephalopod species such as Sepioteuthis australis, Sepia apama and Octopus maorum 
had more enriched δ13C values similar to deepwater species which is indicative of 
the inshore/offshore and pelagic/demersal 13C contributions to dietary intake 
(Hobson et al. 1994, Cherel & Hobson 2007). However, all species reflected a 
subtropical water isotopic signature (Figure 6.4).  
The δ15N values of all cephalopod species (excluding those used as comparison 
species i.e. S. oualaniensis, Histioteuthis eltaninae, Slosarczykovia circumantarctica 
Galiteuthis glacialis) ranged from the small Lycoteuthis lorigera (6.6 ‰) to the 
colossal squid M. hamiltoni (13.0 ‰). The δ15N values spanned approximately three 
distinct trophic levels similar to that found in Kerguelen waters (Cherel & Hobson 
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2005). Within species some squid such as A. dux and Histioteuthis atlantica had 
similar δ15N values whether sperm whales or pilot whales consumed them (Figure 
6.3). However, other species such as Teuthowenia pellucida, A. lesueuri and 
Pholidoteuthis boschmai differed in both their δ13C and δ15N values depending on 
which whale species ingested them (Figure 6.3, 6.4). Although cephalopod 
communities are not trophically size-structured (based on δ15N values), individual 
cephalopod species are size-structured according to their trophic level. An 
increasing dorsal mantle length normally results in a gradual increase in δ15N values 
(Chapter 2). Some whale species tend to consume prey of a particular size (MacLeod 
et al. 2006b), which may result in varying δ15N values for the cephalopod species 
consumed due to the lack of trophic size structure between species. Furthermore, 
some cephalopod species may be more widespread in their distribution within 
subtropical waters accounting for varying δ15N and δ13C values for a species.  
One of the most surprising features of the cephalopod community was the high δ15N 
values and presumably high trophic level of some species. M. hamiltoni had the 
highest values in this study exceeding that of the sperm whale and killer whale (see 
Davenport & Bax 2002). M. hamiltoni is also a top predator in Kerguelen waters 
(Cherel & Hobson 2005). Other cephalopod species were also higher order 
predators in this ecosystem such as T. danae, Chiroteuthis veranyi, Chiroteuthis sp. F, 
Cycloteuthis akimushkini and the cranchiids, Teuthowenia pellucida, Megalocranchia 
sp. and Taonius sp. B (Voss). All these cephalopod species had δ15N values exceeding 
that of the sperm whales, which had the highest δ15N values of all whales in this 
study. Many of the same species were also higher order predators in other 
cephalopod communities (Cherel & Hobson 2005, Cherel et al. 2009a). This study 
confirms that cephalopods are able to exploit and prey upon organisms from all 
trophic levels and that they themselves are predominantly middle to higher order 
predators. Moreover, their importance in the marine ecosystem is reiterated, 
providing and transporting energy up the food chain (Coll et al. 2013). 
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Future research 
Stable isotope analysis is a powerful technique than can characterize community 
metrics such as the assemblage of species, resource partitioning and predator-prey 
interaction (Crawford et al. 2008). Since this methodology allows for sampling of 
marine mammal predators through minimally invasive procedures such as blood 
samples or dart biopsies, sampling of both can be practical and viable (Ramos & 
González-Solís 2012). As inadequate sampling of the diet of the consumer often 
makes for equivocal interpretation of the δ13C and δ15N values, more isotopic data of 
potential prey across a wide spectrum should be undertaken (Crawford et al. 2010, 
Young et al. 2015a). Furthermore, as comparisons can only be made within 
ecosystems with analogous δ13C or δ15N baselines (Lorrain et al. 2010) sampling 
should be done on the same spatial and temporal scale as much as possible. One of 
the areas with a high potential for error is the use of erroneous discrimination 
factors. The discrimination factors used in many studies have been based on only a 
few species. Therefore, there is a continued need for more controlled studies of 
marine mammal species of interest to be fed an isotopically distinct diet whereby 
the tissue turnover and metabolic routing to specific tissues can be assessed 
(Crawford et al. 2010, Layman et al. 2010, Giménez et al. 2016). 
A continuation of the use of marine predators as biological samplers to understand 
the foraging ecology of the consumer and well as the trophic dynamics of the prey is 
essential. This is particularly pertinent to cephalopods since ecological models have 
highlighted their importance as relevant organisms in the food web at both local and 
regional scales with potential top-down impacts on their prey. Cephalopods have 
very plastic lifestyles including dietary behaviour resulting in substantial trophic 
width, encompassing lower to higher order levels (Coll et al. 2013). Their 
importance to apical predators is undisputed and more comparisons between the 
isotopic value of the consumer and stomach contents of the same individuals will 
provide information not afforded by stomach content analysis alone. More predator-
prey studies incorporating these methodologies are also encouraged along with 
other biochemical techniques such as fatty acid analysis, DNA molecular analysis 
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and heavy metal analysis (Bustamante et al. 1998, Herman et al. 2005, Fontaine et 
al. 2015, Pethybridge et al. 2015, Watt & Ferguson 2015, Xavier et al. 2016). 
Understanding predator-prey interactions are essential to determining potential 
influences on the structure and function of an ecosystem (Heithaus et al. 2008).  
The use of marine mammals as environmental biomonitors requires increased 
awareness of the spatial and trophic dynamics of species so that factors affecting 
their viability and resilience are understood (Ramos & González- Solís 2012). How 
cetaceans respond to changes in the availability and quality of their prey is possibly 
linked to the cost of living for an individual species. Species that depend on high 
quality food due to their high cost of living are more likely to be severely impacted 
than those that flourish on low quality diets. Those that can thrive on low quality 
diets will likely have more prey options (Spitz et al. 2012). Therefore, determining 
predator-prey relationships for cetaceans is paramount if recovering populations 
are to be sustained globally. 
  
Literature Cited 
 
148 
LITERATURE CITED 
Abend AG, Smith TD (1997) Differences in stable isotope ratios of carbon and 
nitrogen between long-finned pilot whales (Globicephala melas) and their 
primary prey in the western north Atlantic. ICES J Mar Sci 54: 500-503 
Ainley DG, Pauly D (2014) Fishing down the food web of the Antarctic continental 
shelf and slope. Pol Rec 50: 92-107 
Alexander A, Steel D, Hoekzema K, Mesnick SL, Engelhaupt D, Kerr I, Payne R, Baker 
CS (2016) What influences the worldwide genetic structure of sperm whales 
(Physeter macrocephalus)? Mol Biol 25: 2754-2772 
Allen KR (1980) Size distribution of male sperm whales in the pelagic catches. Rep 
Int. Whal Comm (Special Issue 2) 51-57 
André M, Johansson T, Delory E, van der Schaar M (2007) Foraging on squid: the 
sperm whale mid-range sonar. J Mar Biol Assoc UK 87: 59-67 
Arkhipkin AI (2004) Diversity in growth and longevity in short-lived animals: squid 
of the suborder Oegopsina. Mar Freshwater Res 55: 341-355 
Arnould JPY, Cherel Y, Gibbens J, White JG, Littnan CL (2011) Stable isotopes reveal 
inter-annual and inter-individual variation in the diet of female Australian 
fur seals. Mar Ecol Prog Ser 422: 291-302 
Au WWL, Giorli G, Chen J, Copeland A, Lammers M, Richlen M, Jarvis S, Morrissey R 
Moretti D, Klinck H (2013) Nighttime foraging by deep diving echolocating 
odontocetes off the Hawaiian islands of Kauai and Niihau as determined by 
passive acoustic monitors. J Acoust Soc Am 133: 3119-3127222  
Aurioles-Gamboa D, Rodríguez-Pérez MY, Sánchez-Velasco L, Lavin MF (2013) 
Habitat, trophic level, and residence of marine mammals in the Gulf of 
California assessed by stable isotope analysis. Mar Ecol Prog Ser 488: 275-
290 
Baird RW, Borsani JF, Hanson MB, Tyack PL (2002) Diving and night-time behaviour 
of long-finned whales in the Ligurian Sea. Mar Ecol Prog Ser 237: 301-305 
Literature Cited 
 
149 
Baird RW, Webster DL, McSweeney, DJ, Ligon AD, Schorr GS, Barlow J (2006) Diving 
behaviour of Cuvier’s (Ziphius cavirostris) and Blainville’s (Mesoplodon 
densirostris) beaked whales in Hawaii. Can J Zool 84: 1120-1128 
Baker CS, Clapham PJ (2004) Modelling the past and future of whales and whaling. 
Trends Ecol Evol 19: 365-371 
Baum JK, Worm B (2009) Cascading top-down effects of changing oceanic predator 
abundances. J Anim Ecol 78: 699-714 
Bayliss AMM, Orben RA, Arnould JPY, Christiansen F, Hays GC, Staniland IJ (2015) 
Distentangling the cause of a catastrophic population decline in a large 
marine mammal. Ecology 96: 2834-2847 
Beasley I, Cherel Y, Robinson S, Betty E, Gales R (2013) Pygmy sperm whale (Kogia 
breviceps) stranding record in Tasmania Australia, and diet of a single 
specimen. Papers and Proc Roy Soc Tas 147: 25-32 
Beatson E, O’Shea S, Ogle M (2007a) First report on the stomach contents of long-
finned pilot whales, Globicephala melas, stranded in New Zealand. NZ J Zool 
34: 51-56  
Beatson E, O’Shea S, Stone C, Shortland T (2007b) Notes on New Zealand mammals 
6. Second report on the stomach contents of long-finned pilot whales, 
Globicephala melas. NZ J Zool 34: 359-362  
Beatson EL, O’Shea S (2009) Stomach contents of long‐finned pilot whales, 
Globicephala melas, mass‐stranded on Farewell Spit, Golden Bay in 2005 and 
2008. NZ J Zool 36: 47-58 
Best PB, Smale MJ, Glass J, Herian K, Von der Heyden S (2014) Identification of 
stomach contents from a Shepherd's beaked whale Tasmacetus shepherdi 
stranded on Tristan da Cunha, South Atlantic. J Mar Biol Assoc UK 94: 1093-
1097 
Blaber CM, Bulman SJM (1987) Diets of fishes of the upper continental slope of 
eastern Tasmania: content, calorific values, dietary overlap and trophic 
relationships. Mar Biol 95: 345-356 
Literature Cited 
 
150 
Blanco C, Raga JA (2000) Cephalopod prey of two Ziphius cavirostris (Cetacea) 
stranded on the western Mediterranean coast. J Mar Biol Assoc UK 80: 381-
382 
Bloch D Desportes G Zachariassen M, Christensen I (1996) The northern bottlenose 
whale in the Faroe Islands, 1584-1993. J Zool 239: 123-140 
Bloch D, Lockyer C, Zachariassen M (1993) Age and growth parameters of the long-
finned pilot whale off the Faroe Islands. In: Donovan GP, Lockyer CH, Martin 
AR (eds) Biology of Northern Hemisphere pilot whales. International 
Whaling Commission, Cambridge, p 163-207 
Boecklen WJ, Yarnes CT, Cook BA, James AC (2011) On the use of stable isotopes in 
trophic ecology. Ann Rev Ecol Evol Syst 42: 411–40 
Bogomolni AL, Pugliares KR, Sharp SM, Patchett K, Harry CT, LaRocque JM, Touhey 
KM, Moore M (2010) Mortality trends of stranded marine mammals on Cape 
Cod and southeastern Massachusetts, USA, 2000 to 2006. Dis Aquat Org 88: 
143-155 
Bond A, Hobson KA (2012) Reporting stable – isotope ratios in ecology: 
recommended terminology, guidelines and best practices. Waterbirds 35: 
324-331 
Borrell A, Velásquez Vacca A, Pinela AM, Kinze C, Lockyer CH, Vighi M, Aguilar A 
(2013a) Stable isotopes provide insight into population structure and 
segregation in eastern north Atlantic sperm whales. Plos One 8: 1-10.  
Borrell A, Abad-Oliva N, Gomez-Campos E, Giménez J, Aguilar A (2013b) 
Discrimination of stable isotopes in fin whale tissues and application to diet 
assessment in cetaceans. Rapid Commun Mass Spectrom 26: 1596-1602  
Bowen WD (1997) Role of marine mammals in aquatic ecosystems. Mar Ecol Prog 
Ser 158: 267-274 
Bowen, Iverson SJ (2013) Methods of estimating marine mammal diets: A review of 
validation experiments and sources of bias and uncertainty. Mar Mam Sci 29: 
719-754 
Literature Cited 
 
151 
Boyd IL (2002) Integrated environment – prey – predator interactions off South 
Georgia: implications for management of fisheries. Aquatic Conserv: Mar 
Freshw Ecosyst 12: 119-126 
Boyle PR, Boletzky Sv (1996) Cephalopod populations: definition and dynamics. Phil 
Trans R Soc Lond B 351:985-1002 
Boyle PR, Rodhouse PG (2005) Cephalopods: Ecology and Fisheries. Oxford, 
Blackwell Science, 464p 
Braid HE, Bolstad KSR (2014) Feeding ecology of the largest mastigoteuthid squid 
species, Idioteuthis cordiformis (Cephalopoda, Mastigoteuthidae). Mar Ecol 
Prog Ser 515: 275-279 
Bradshaw CJA, Evans K, Hindell MA (2006) Mass cetacean strandings – A plea for 
empiricism. Conserv Biol 20: 584-586 
Browning NE, Dold C, I-Fan J, Worthy GAJ (2014) Isotope turnover rates and diet-
tissue discrimination in skin of ex situ bottlenose dolphins (Tursiops 
truncatus). J Exp Biol 217: 24-221 
Bulman SJM, Koslow JA (2002) Trophic ecology of the mid-slope demersal fish 
community off southern Tasmania, Australia. Mar Freshwater Res 53: 59-72 
Burford BP, Robison BH, Sherlock RE (2015) Behaviour and mimicry in the juvenile 
and subadult life stages of the mesopelagic squid Chiroteuthis calyx. J Mar 
Biol Ass UK 95:1221-1235 
Bustamante P, Caurant F, Fowler S, Miramand P (1998) Cephalopods as a key vector 
for the transfer of cadmium to top marine predators. Sci Total Environ 220: 
71-80 
Caddy JF, Rodhouse PG (1998) Cephalopod and groundfish landings: evidence for 
ecological change in global fisheries? Rev Fish Biol Fish 8: 431-444 
Caut S, Angulo E, Courchamp F (2009) Variation in discrimination factors (Δ15N and 
Δ13C): the effect of diet isotopic values and applications for diet 
reconstruction. J Appl Ecol 46: 443-453 
Cherel (2008) Isotopic niches of emperor and Adelie penguins in Adelie Land, 
Antarctica. Mar Biol 154: 813-821 
Literature Cited 
 
152 
Cherel Y, Ducatez S, Fontaine C, Richard P, Guinet C (2008) Stable isotopes reveal 
the trophic position and mesopelagic fish diet of female southern elephant 
seals breeding on the Kerguelen Islands. Mar Ecol Prog Ser 370: 239-247 
Cherel Y, Duhamel G (2004) Antarctic jaws: cephalopod prey of sharks in Kerguelen 
waters. Deep Sea Res 1 51: 17-31 
Cherel Y, Duhamel G, Gasco N (2004) Cephalopod fauna of subantarctic islands: new 
information from predators. Mar Ecol Prog Ser 266: 143-156 
Cherel Y, Gasco N, Duhamel G (2011) Top predators and stable isotopes document 
the cephalopod fauna and its trophic relationships in Kerguelen 
waters. In: Duhamel G, Welsford D (eds). The Kerguelen Plateau: marine 
ecosystem and fisheries. Société Française d’Ichtyologie, Paris, p 99-108 
Cherel Y, Hobson KA (2005) Stable isotopes, beaks and predators: a new tool to 
study the trophic ecology of cephalopods, including giant and colossal squids. 
Proc R Soc B 272: 1601-1607 
Cherel Y, Hobson KA (2007) Geographical variation in carbon stable isotope 
signatures of marine predators: a tool to investigate their foraging areas in 
the Southern Ocean. Mar Ecol Prog Series 329: 281-287 
Cherel Y, Hobson KA, Guinet C (2015) Milk isotopic values demonstrate that nursing 
fur seal pups are a full trophic level higher than their mothers. Rapid 
Commun Mass Spec 29: 1485-1490 
Cherel Y, Ridoux V, Spitz J, Richard P (2009a) Stable isotopes document the trophic 
structure of a deep-sea cephalopod assemblage including giant octopod and 
giant squid. Biol Lett 5: 364-367 
Cherel Y, Fontaine C, Jackson GD, Jackson CH, Richard P (2009b) Tissue, ontogenetic 
and sex-related differences in δ13C and δ15N values of the oceanic squid 
Todarodes filippovae (Cephalopoda: Ommastrephidae). Mar Biol 156: 699-
708  
Christal J, Whitehead H (2001) Social affiliations within sperm whale (Physeter 
macrocephalus) groups. Ethology 107: 323-340 
Christal J, Whitehead H, Lettevall E (1998) Sperm whale social units: variation and 
change. Can J Zool 76: 1431-1440 
Literature Cited 
 
153 
MR (1980) Cephalopoda in the diet of sperm whales of the southern hemisphere 
and their bearing on sperm whale biology. Discovery Reports 37: 1-324 
Clarke MR (1983) Cephalopod biomass – estimation from predation. Mem Nat Mus 
Vict 44: 95-107 
Clarke MR (1986) A handbook for the identification of cephalopod beaks. Oxford, 
UK: Clarendon Press  
Clarke MR (1996) Cephalopods as prey. III Cetaceans. Phil Trans Royal Soc Lond B 
351: 1053-1065 
Clarke MR, Goodall N (1994) Cephalopods in the diets of three odontocete cetacean 
species stranded at Tierra del Fuego, Globecephala melaena (Traill, 1809), 
Hyperoodon planifrons Flower, 1882 and Cephalorhychus commersonii 
(Lacepede, 1804). Antarct Sci 6: 149-154 
Clarke MR, MacLeod N (1976) Cephalopod remains from sperm whales caught off 
Iceland. J Mar Biol Assoc UK 56: 733-749 
Clarke MR, MacLeod N (1980) Cephalopod remains from sperm whales caught off 
Western Canada. Mar Biol 59: 241-246 
Clarke MR, MacLeod N (1982) Cephalopod remains from the stomachs of sperm 
whales caught in the Tasman Sea. Mem Nat Mus Vict 43: 25-42 
Clarke MR, Martins HR, Pascoe P (1993) The diet of sperm whales (Physeter 
macrocephalus Linnaeus 1758) off the Azores. Phil Trans Roy Soc Lond B 
339: 67-82 
Coakes AK, Whitehead H (2004) Social structure and mating system of sperm 
whales off northern Chile. Can J Zool 82: 1360-1369 
Cohen JE, Pimm SL, Yodzis P, Saldana J (1993) Body sizes of animal predators and 
animal prey in food webs. J Anim Ecol 62: 67-78 
Coll M, Navarro J, Olson RJ, Christensen V (2013) Assessing the trophic position and 
ecological role of squids in marine ecosystems by means of food-web models. 
Deep-Sea Res II 95: 21-36 
Collins MA, Rodhouse PG (2006) Southern Ocean cephalopods. Adv Mar Biol 50: 
193-265 
Literature Cited 
 
154 
Covelo P, Martinez-Cedeira, Llavona A, Díaz JI, López A (2016) Strandings of Beaked 
Whales (Ziphiidae) in Galicia (NW Spain) between 1990 and 2013. J Mar Biol 
Assoc UK 96: 925-931 
Crawford K, McDonald RA, Bearhop S (2008) Applications of stable isotope 
techniques to the ecology of mammals. Mam Rev 38: 87-107 
Croll DA, Marinovic B, Benson S, Chavez FP, Black N, Ternullo R, Tershy BR (2005) 
From wind to whales: trophic links in a coastal upwelling. Mar Ecol Prog Ser 
289: 117-130 
Croxall JP (1992) Southern Ocean environmental changes: effects on seabird, seal 
and whale populations. Phil Trans R Soc Lond B 338: 319-328 
Cutt J, Bertler N, Bracegirdle TJ, Buschmann A, Comiso J, Hosie G, Isla E, Schloss IR, 
Smith CR, Tournadre J, Xavier JC (2015) The Southern Ocean ecosystem 
under multiple climate change stresses – an integrated circumpolar 
assessment. Global Change Biol 21: 1434-1453 
Dalebout ML, Baker CS, Mead JG, Cockcroft VG, Yamada TK (2004) A comprehensive 
and validated molecular taxonomy of beaked whales, Family Ziphiidae. J 
Hered 95: 459-473 
Daneri GA, Carlini AR, Negri A, Allcock AL, Corbalan A (2012) Predation on 
cephalopods by Weddell Seals, Leptonychotes weddellii, at Hope Bay, 
Antarctic Peninsula. Polar Biol 35: 585-592 
Das K, Lepoint G, Leroy Y, Bouquegneau (2003) Marine mammals from the southern 
North Sea: feeding ecology data from δ13C and δ15N measurements. Mar Ecol 
Prog Ser 263: 287-298 
Davenport SR, Bax NJ (2002) A trophic study of a marine ecosystem off southeastern 
Australia using stable isotopes of carbon and nitrogen. Can J Fish Aquat Sci 
59: 514-530 
Davis RW, Jaquet N, Gendron D, Markaida U, Bazzino G, Gilly W (2007) Diving 
behavior of sperm whales in relation to behavior of a major prey species, the 
jumbo squid, in the Gulf of California, Mexico. Mar Ecol Prog Ser 333: 291-
302 
Literature Cited 
 
155 
Deniro MJ, Epstein S (1978) The influence of diet on distribution of carbon isotopes 
in animals. Geochim Cosmochim Ac 42(5): 495-506 
Deniro MJ, Epstein S (1981) Influence of diet on the distribution of nitrogen isotopes 
in animals. Geochim cosmochim Ac 45: 341-351 
De Pierrepont JF, Dubois B, Desormonts S, Santos MB, Robin JP (2005) Stomach 
contents of English Channel cetaceans stranded on the coast of Normandy. J 
Mar Biol Assoc UK 85: 1539-1546 
Desportes G, Saboureau M, Lacroix A (1994) Growth-related changes in testicular 
mass and plasma testosterone concentrations in long-finned pilot whales, 
Globicephala melas. J Reprod Fertil 102: 237-244 
De Stephanis R, García-Tíscar S, Verbough P, Esteban-Pavo R, Pérez S, Minvielle-
Sebastia L, Guinet C (2008) Diet of the social groups of long-finned pilot 
whales (Globicephala melas) in the Strait of Gibraltar. Mar Biol 154: 603-612 
Dufault S, Whitehead H, Dillon M (1999) An examination of the current knowledge 
on the stock structure of sperm whales (Physeter macrocephalus) worldwide. 
J Cetacean Res. Manag 1: 1-10 
Dulvy NK, Sadovy Y, Reynolds JD (2003) Extinction vulnerability in marine 
populations. Fish Fish 4: 25-64 
Estes JA, Terborgh J, Brashares JS, Power ME, Berger J, Bond WJ, Carpenter SR, 
Essington TE, Holt RD, Jackson JBC, Marquis RJ, Oksanen L, Oksanen T, Paine 
RT, Pikitch EK, Ripple WJ, Sandin SA, Scheffer M, Schoener TW, Shurin JB, 
Sinclair ARE, Soule ME, Virtanen R, Wardle DA (2011) Trophic downgrading 
of planet earth. Science 333: 301-306 
Evans P (1997) Ecology of sperm whales (Physeter macrocephalus) in the Eastern 
North Atlantic, with special reference to sightings and strandings records 
from the British Isles. Bulletin De L’Institut Royal Des Sciences Naturelles De 
Belgique Biologie 67-Suppl: 37-46 
Evans K, Hindell MA, Thiele D (2003a) Body fat and condition in sperm whales, 
Physeter macrocephalus, from southern Australian waters. Comp Biochem 
Physiol A 134:847-862 
Literature Cited 
 
156 
Evans K, Hindell M, Hince G (2003b) Concentrations of organochlorines in sperm 
whales (Physeter macrocephalus) from Southern Australian waters. Mar Poll 
Bull 48: 486-503  
Evans K, Hindell MA (2004a) The diet of sperm whales (Physeter macrocephalus) in 
southern Australian waters. ICES J Mar Sci 61: 1313-1329  
Evans K, Hindell MA (2004b) The age structure and growth of female sperm whales 
(Physeter macrocephalus) in southern Australian waters. J Zool 263: 237-250  
Evans K, Thresher R, Warneke RM, Bradshaw CJA, Pook M, Thiele D, Hindell MA 
(2005) Periodic variability in cetacean strandings: links to large-scale climate 
events. Biol Lett 1: 147-150 
Ferguson MC, Barlow J, Reilly SB, Gerrodette T (2006) Predicting Cuvier’s (Ziphius 
cavirostris) and Mesoplodon beaked whale population density from habitat 
characteristics in the eastern tropical Pacific Ocean. J Cetacean Res. Manag 7: 
287-299 
Fernández R, Pierce GJ, MacLeod CD, Brownlow A, Reid RJ, Bogan E, Addink M, 
Deaville R, Jepson PD. Santos MB (2014) Strandings of northern bottlenose 
whales, Hyperoodon ampullatus, in the north-east Atlantic: seasonality and 
diet. J Mar Biol Assoc UK 94: 1109-1116  
Fernández R, Santos MB, Carrillo M, Tejedor M, Pierce GJ (2009) Stomach contents 
of cetaceans stranded in the Canary Islands 1996-2006. J Mar Biol Ass UK 89: 
873-883 
Field JC, Baltz K, Phillips AJ, Walker WA (2007) Range expansion and trophic 
interactions of the jumbo squid, Dosidicus gigas, in the California Current. Cal 
Coop Ocean Fish 48: 131-146 
Flinn R, Trites A, Gregr E, Perry RI (2002) Diets of fin, sei, and sperm whales in 
British Columbia: an analysis of commericial whaling records, 1963-1967. 
Mar Mam Sci 18: 663-679 
Fontaine M, Carravieri A, Simon-Bouhet B, Bustamante P, Gasco N, Bailleul F, Guinet 
C, Cherel Y (2015) Ecological tracers and at-sea observations document the 
foraging ecology of southern long-finned pilot whales (Globicephals melas 
edwardii) in Kerguelen waters. Mar Biol 162: 207-219 
Literature Cited 
 
157 
Fordyce RE, Mattlin, R.H. and Wilson, G.J. 1979. Strandings of a Cuvier’s beaked 
whale, Ziphius cavirostris Cuvier, 1823, at New Brighton, New Zealand. Mauri 
Ora 7: 73-82  
France RL (1995) Carbon-13 enrichment in benthic compared to planktonic algae: 
foodweb implications. Mar Ecol Prog Ser 124: 307-312 
Friedlaender AS, Johnston DW, Tyson RB, Kaltenberg A, Goldbogen JA, Stimpert AK, 
Curtice C, Hazen EL, Halpin PN, Read AJ, Nowacek DP (2016) Multiple-stage 
decisions in a marine central-place forager. Royal Society Open Science 3 (5) 
UNSP 160043  
Fry B, Arnold C (1982) Rapid 13C/12C turnover during growth of brown shrimp 
(Penaeus aztecus). Oecologia 54: 200-204 
Gales R, Alderman R, Thalman S, Carlyon K (2012) Satellite tracking of long-finned 
pilot whales (Globicephala melas) following stranding and release in 
Tasmania, Australia. Wildl Res. 39: 520-531 
Gales R, Pemberton D (1990) Seasonal and local variation in the diet of the little 
penguin, Eudyptula-minor, in Tasmania. Aust Wildl Res 17: 231-259 
Gales R, Pemberton D (1992) Stomach contents of long-finned pilot whales 
(Globicephala-melas) and bottle-nosed dolphins (Tursiops-trucatus) in 
Tasmania. Mar Mam Sci 8: 405-413 
Gales R, Pemberton D (1994) Diet of the Australian fur seal in Tasmania. Aust J Mar 
Freshwater Res 45: 653-664 
Gannon DP, Read AJ, Craddock JE, Fristrup KM, Nicolas JR (1997) Feeding ecology of 
long-finned pilot whales Globicephala melas in the western North Atlantic. 
Mar Ecol Prog Ser 148:1-10 
Garibaldi F, Podesto M (2014) Stomach contents of a sperm whale (Physeter 
macrocephalus) stranded in Italy (Ligurian Sea, north-western 
Mediterranean). J Mar Biol Ass UK 94: 1087-1091 
Geraci JR, Lounsbury VL (2005) Marine mammals ashore. A field guide for 
strandings. National Aquarium in Baltimore, Baltimore 
Giménez J, Ramírez F, Almunia J, Forero MG, de Stephanis R (2016) From the pool to 
the sea: Applicable isotope turnover rates and diet to skin discrimination 
Literature Cited 
 
158 
factors for bottlenose dolphins (Tursiops truncatus). J Exp Mar Biol Ecol 475: 
54-61 
Giorli G, Au WWL, Neuheimer AB (2016) Differences in foraging activity of deep sea 
diving odontocetes in the Ligurian Sea as determined by passive acoustic 
recorders. Deep-Sea Res 1 107: 1-8 
Goetz S, Read FL, Ferreira M, Portela JM, Santos MB, Vingada J, Siebert U, Marcalo A, 
Santos J, Araújo H, Monteiro S, Caldas M, Riera M, Pierce GJ (2015) Cetacean 
occurrence, habitat preferences and potential for cetacean-fishery 
interactions in Iberian Atlantic waters: results from cooperative research 
involving local stakeholders. Aquat Conserv 25: 138-154 
Gosho ME, Rice DW, Breiwick JM (1984) The sperm whale, Physeter-macrocephalus. 
Mar Fish Rev 46: 54-64 
Grubert MA, Wadley VA, White RWG (1999) Diet and feeding strategy of Octopus 
maorum in southeast Tasmania. Bull Mar Sci 65: 441-451 
Greer AL, Horton TW, Nelson XJ (2015) Simple ways to calculate stable isotope 
discrimination factors and convert between tissue types. Meth Ecol Evol 6: 
1341-1348 
Guerreiro M, Phillips RA, Cherel Y, Ceia FR, Alvito P, Rosa R, Xavier JC (2015) Habitat 
and trophic ecology of Southern Ocean cephalopods from stable isotope 
analyses. Mar Ecol Prog Ser 530: 119-134 
Habran S, Debier C, Crocker DE, Houser DS, Lepoint G, Bouquegneau JM, Das K, 
(2010) Assessment of gestation, lactation and fasting on stable isotope ratios 
in northern elephant seals (Mirounga angustirostris). Mar Mam Sci 26: 880-
895 
Hallett CS, Daley RK (2011) Feeding ecology of the southern lanternshark 
(Etmopterus baxteri) and the brown lanternshark (E. unicolor) off 
southeastern Australia. ICES J Mar Sci 68: 157-165 
Harris GP, Griffiths FB, Clementson LA, Lyne V, Van der Doe H (1991) Seasonal and 
interannual variability in physical processes, nutrient cycling and the 
structure of the food chain in Tasmanian shelf waters. J Plankton Res 13: 
109-131 
Literature Cited 
 
159 
Harris G, Nilsson C, Clementson L, Thomas D (1987) The water masses of the east 
coast of Tasmania: seasonal and interannual variability and the influence on 
phytoplankton biomass and productivity. Aust J Mar Freshwater Res 38: 
569-90 
Hatfield EMC (2000) Do some like it hot? Temperature as a possible determinant of 
variability in the growth of the Patagonian squid, Loligo gahi (Cephalopoda: 
Loliginidae). Fish Res 47: 27-40 
Harvey JT, Friend T, McHuron EA (2014) Cephalopod remains from stomachs of 
sperm whales (Physeter macrocephalus) that mass-stranded along the 
Oregon coast. Mar MamSci 30: 609-625 
Heide-Jørgensen MP, Bloch D, Stefansson E, Mikkelsen B, Ofstad LH, Dietz R (2002) 
Diving behaviour of long-finned pilot whales Globicephala melas around the 
Faroe Islands. Wildl Biol 8: 307-313 
Heithaus MR, Frid A, Wirsing AJ, Worm B (2008) Predicting ecological consequences 
of marine top predator declines. Trends Ecol Evol 23: 202-210 
Herman DP, Burrows DG, Wade PR, Durban JW, Matkin CO, DeLuc RG, Barrett-
Lennard LG, Krahn MM (2005) Feeding ecology of eastern North Pacific killer 
whales Orcinus orca from fatty acid, stable isotope, and organochlorine 
analyses of blubber biopsies. Mar Ecol Prog Ser 302: 275-291 
Hall-Aspland SA, Rogers TL, Canfield RB (2005) Stable carbon and nitrogen isotope 
analysis reveals seasonal variation in the diet of leopard seals. Mar Ecol Prog 
Ser 305: 249-259 
Hedd A, Gales R (2001) The diet of shy albatrosses (Thalassarche cauta) at Albatross 
Island, Tasmania. J Zool 253: 69-90. 
Hilderbrand JA, Bauman-Pickering S, Frasier KE, Trickey JS, Merkens KP, Wiggins 
SM, McDonald MA, Garrison LP, Harris D, Marques TA, Thomas L (2015) 
Passive acoustic monitoring of beaked whale densities in the Gulf of Mexico. 
Scientific Reports 5: 16343 | DOI: 10.1038/srep16343  
Hobson KA (1999) Tracing origins and migration of wildlife using stable isotopes: a 
review. Oecologia 120: 314-326 
Literature Cited 
 
160 
Hobson KA, Cherel Y (2006) Isotopic reconstruction of marine food webs using 
cephalopod beaks: new insight from captively raised Sepia officinalis. Can J 
Zool 84: 766-770  
Hobson KA, Clark RW (1992) Assessing avian diets using stable isotopes. I. Turnover 
of carbon-13. Condor 94: 181-188  
Hobson KA, Piatt JF, Pitocchelli J (1994) Using stable isotopes to determine seabird 
trophic relationships. J Anim Ecol. 63: 786-798 
Hobson KA, Schell DM, Renouf D, Noseworthy E (1996) Stable carbon and nitrogen 
isotopic fractionation between diet and tissues of captive seals: implications 
for dietary reconstructions involving marine mammals. Can J Fish Aquat Sci 
53: 528-533 
Hobson KA, Welch HE (1992) Determination of trophic relationships within a high 
Arctic marine food web using 13C and 15N analysis. Mar Ecol Prog Ser 84: 9-
18 
Horstmann-Dehn L, Follmann EH, Rosa C, Zelensky G (2012) Stable carbon and 
nitrogen isotope ratios in muscle and epidermis of arctic whales. Mar Mam 
Sci 28: E173-E190 
Horswell C, Ratcliffe N, Green JA, Phillips RA, Trathan PN, Matthiopoulos J (2016) 
Unravelling the relative roles of top-down and bottom-up forces driving 
population change in an oceanic predator. Ecol 97: 1919-1928 
Hoving HT, Gilly WF, Markaida U (2013) Extreme plasticity in life history strategy 
allows a migratory predator (jumbo squid) to cope with changing climate. 
Global Change Biol 19: 2089-2103 
Hoving HJT, Perez JAA, Bolstad KSR, Braid HE, Evans AB, Fuchs D, Judkins H, Kelly 
JT, Marian JEAR, Nakajima R, Piatkowski U, Reid A, Vecchione M, Xavier JCC 
(2014) The study of deep-sea cephalopods. Advances in cephalopod science: 
biology, ecology, cultivation and fisheries. 67: 235-359 
Hunsicker ME, Essington TE, Aydin KY, Ishida B (2010) Predatory role of the 
commander squid Berryteuthis magister in the eastern Bering Sea: insights 
from stable isotopes and food habits. Mar Ecol Prog Ser 415: 91-108 
Literature Cited 
 
161 
Hunt KE, Moore MJ, Rolland RM, Kellar NM, Hall AJ, Kershaw J, Raverty SA, Davis CE, 
Yeates LC, Fauquier DA, Rowles TK, Kraus SD (2013) Overcoming the 
challenges of studying conservation physiology in large whales: a review of 
available methods. Conserv Physiol 1: 1-24 
Hunt S, Nixon M (1981) A comparative study of protein composition in the chitin-
protein complexes of the beak, pen, sucker disc, radula and oesophageal 
cuticle of cephalopods. Comp Biochem Phys B 68: 535-546 
Ichii T, Mahapatra K, Sakai M, Inagake D, Okada Y (2004) Differing body size 
between the autumn and the winter-spring cohorts on neon flying squid 
(Ommastrephes bartramii) related to the oceanographic regime in the North 
Pacific: a hypothesis. Fish Oceanogr 13: 295-309 
Jackson GD (1993) Moroteuthis ingens (Cephalopoda: Onychoteuthidae): evidence 
for a habitat shift? Can J Fish Aquat Sci 50: 2366-2374 
Jackson GD (1997) Age, growth and maturation of the deepwater squid Moroteuthis 
ingens (Cephalopoda: Onychoteuthidae) in New Zealand waters. Polar Biol 
17: 268-274 
Jackson GD (2004) Advances in defining the life histories of myopsid squid. Mar 
Freshwater Res 55: 357-365 
Jackson GC, Bustamante P, Cherel Y, Fulton EA, Grist EPM, Jackson CH, Nichols PD, 
Pethybridge H, Phillips K, Ward RD, Xavier JC (2007) Applying new tools to 
cephalopod trophic dynamics and ecology: perspectives from the Southern 
Ocean Cephalopod Workshop, February 2-3, 2006. Rev Fish Biol Fish 17: 79-
99 
Jackson GD, Domeier ML (2003) The effects of an extraordinary El Nino/La Nina 
event on the size and growth of the squid Loligo opalescens off Southern 
California. Mar Biol 142: 925-935  
Jackson GD, McKinnon JF, Lalas C, Ardern R, Buxton NG (1998) Food spectrum of the 
deepwater squid Moroteuthis ingens (Cephalopoda: Onychoteuthidae) in 
New Zealand waters. Polar Biol 20: 56-65 
Jackson GD, O’Dor (2001) Time, space and the ecophysiology of squid growth, life in 
the fast lane. Vie Milieu 51: 205-215 
Literature Cited 
 
162 
Jackson GD, Pecl GT (2003) The dynamics of the summer-spawning population of 
the loliginid squid (Sepioteuthis australis) in Tasmania, Australia – a conveyer 
belt of recruits. ICES J Mar Sci 60: 290-296 
Jackson GD, Steer BM, Wotherspoon S, Hobday AJ (2003) Variation in age, growth 
and maturity in the Australian arrow squid Nototodarus gouldi over time and 
space – what is the pattern? Mar Ecol Prog Ser 264: 57-71 
Jaeger A, Jaquemet S, Phillips RA, Wanless RM, Richard P, Cherel Y (2013) Stable 
isotopes document inter- and intra-specific variation in feeding ecology on 
nine large southern Procellariiformes. Mar Ecol Prog Ser 490: 255-266 
Jaquet N, Whitehead H (1996) Scale-dependent correlation of sperm whale 
distribution with environmental features and productivity in the South 
Pacific. Mar Ecol Prog Ser 135: 1-9 
Jenkins SG, Partridge ST, Stephenson TR, Farley SD, Robbins CT (2001) Nitrogen 
and carbon isotope fractionation between mothers, neonates, and nursing 
offspring. Oecologia 129: 336–341 
Johnson CR, Banks SC, Barrett NS, Cazassus F, Dunstan PK, Edgar GJ, Frusher SD, 
Gardner C, Haddon M, Helidoniotis F, Hill KL, Holbrook NJ, Gosie GW, Last PR, 
Ling SD, Melbourne-Thomas J, Miller K, Pecl G, Richardson A, Ridgway KR, 
Rintoul SR, Ritz DA, Ross DJ, Sanderson JC, Shepherd SA, Slotwinski A, 
Swadling KM, Taw N (2011) Climate change cascades: Shifts in oceanography, 
species’ ranges and subtidal marine community dynamics in eastern 
Tasmania. J Exp Mar Biol Ecol 400: 17-32 
Kojadinovic J, Jackson CH, Cherel Y, Jackson GD, Bustamante P (2011) Multi-
elemental concentrations in the tissues of the oceanic squid Todarodes 
filippovae from Tasmania and the southern Indian Ocean. Ecotox Environ Safe 
74: 1238-1249 
Kelly JF (2000) Stable isotopes of nitrogen and carbon in the study of avian and 
mammalian trophic ecology. Can J Zool 78: 1-27 
Kurle CM, Sinclair EH, Edwards AE, Gudmundson CJ (2011) Temporal and spatial 
variation in the δ15N and δ13C values of fish and squid from Alaskan waters. 
Mar Biol 158: 2389-2404 
Literature Cited 
 
163 
Kurle CM, Worthy GAJ (2001) Stable isotope assessment of temporal and 
geographic differences in feeding ecology of northern fur seals (Callorhinus 
ursinus) and their prey. Oecologia 126: 254-265 
Kurle CM, Worthy GAJ (2002) Stable nitrogen and carbon isotope ratios in multiple 
tissues of the northern fur seal Callorhinus ursinus: implications for dietary 
and migratory reconstructions. Mar Ecol Prog Ser 236: 289-300 
Lambert CL, Mannocci L, Lehodey P, Ridoux V (2014) Predicting cetacean habitats 
from their energetic needs and the distribution of their prey in two 
contrasted tropical regions. PLoS ONE 9(8): e105958 
Laws RM (1977) Seals and whales of the Southern Ocean. Phil Trans R Soc Lond B 
279: 81-96 
Layman CA, Araujo MS, Boucek R, Hammerschlag-Peyer CM, Harrison E, Jud ZR, 
Matich P, Rosenblatt AE, Vaudo JJ, Yeager LA, Post DM, Bearhop S (2012) 
Applying stable isotopes to examine food-web structure: an overview of 
analytical tools. Biol Rev 87: 545-562 
Lesage V, Hammill MO, Kovacs KM (2001) Marine mammals and the community 
structure of the Estuary and Gulf of St Lawrence, Canada: evidence from 
stable isotope analysis. Mar Ecol Prog Ser 210: 203-221 
Liu J-Y, Chou L-S, Chen M-H (2015) Investigation of trophic level and niche 
partitioning of 7 cetacean species by stable isotopes, and cadmium and 
arsenic tissue concentrations in the western Pacific Ocean. Mar Poll Bull 93: 
270-277 
Lockyer C (2007) All creatures great and smaller: a study in cetacean life history 
energetics. J Mar Biol Assoc UK 87: 1035-1045 
Lorrain A, Argüelles J, Alegre A, Bertrand A, Munaron J, Richard P, Cherel Y (2011) 
Sequential isotopic signature along gladius highlights contrasted individual 
foraging strategies of jumbo squid (Dosidicus gigas). PLoS ONE 6(7): e22194  
MacLeod CD & D’Amico A (2006) A review of beaked whale behaviour and ecology 
in relation to assessing and mitigating impacts of anthropogenic noise. J 
Cetacean Res Manag 7: 211-221 
Literature Cited 
 
164 
MacLeod CD, Mitchell G (2006) Key areas for beaked whales worldwide. J Cetacean 
Res Manag 7: 309-322 
MacLeod CD, Perrin WF, Pitman R, Barlow J, Ballance L, D’Amico A, Gerrodette T, 
Joyce G, Mullin KD, Palka DL, Waring GT (2006a) Known and inferred 
distributions of beaked whale species (Cetacea: Ziphiidae). J Cetacean Res 
Manag 7: 271-286  
MacLeod CD, Santos MB, López A, Pierce GJ (2006b) Relative prey size consumption 
in toothed whales: implications for prey selection and level of specialization. 
Mar Ecol Prog Ser 326: 295-307  
MacLeod CD, Santos MB, Pierce GJ (2003) Review of data on diets on beaked whales: 
evidence of niche separation and geographic segregation. J Mar Biol Ass UK 
83: 651-665 
MacNeil MA, Skomal GB, Fisk AT (2005) Stable isotopes from multiple tissues reveal 
diet switching in sharks. Mar Ecol Prog Ser 302: 199-206  
Malpica-Cruz L, Herzka SZ, Sosa-Nishizaki O, Lazo JP (2012) Tissue-specific isotope 
trophic discrimination factors and turnover rates in a marine elasmobranch: 
empirical and modeling results. Can J Fish Aquat Sci 69: 551-564 
Mancini PL, Hobson KA, Bugoni L (2014) Role of body size in shaping the trophic 
structure of tropical seabird communities. Mar Ecol Prog Ser 497: 243-257 
Mansilla L, Olavarria C, Vega MA (2012) Stomach contents of long-finned pilot 
whales (Globicephala melas) from southern Chile. Polar Biol 35: 1929-1933 
Marcoux M, McMeans BC, Fisk AT, Ferguson SH (2012) Composition and temporal 
variation in the diet of beluga whales, derived from stable isotopes. Mar Ecol 
Prog Ser 471: 283-291 
Marcoux M, Whitehead H, Rendell L (2007) Sperm whale feeding variation by 
location, year, social group and clan: evidence from stable isotopes. Mar Ecol 
Prog Ser 333: 309-314.  
Markaida U, Salinas-Zavala CA, Rosas-Luis R, Gilly WF, Booth JAT (2008) Food and 
feeding of jumbo squid Dosidicus gigas in the central gulf of California during 
2005-2007. Cal Coop Ocean Fish 49: 90-103 
Literature Cited 
 
165 
Martin AR, Clarke MR (1986) The diet of sperm whales (Physeter macrocephalus) 
captured between Iceland and Greenland. J mar bio Ass UK 66: 779-790 
Martin AR, Reeves RR (2002) Diversity and zoogeography. In: Rus Hoelzel, A. (ed). 
Marine Mammal Biology: An evolutionary approach. Blackwell Science Ltd, 
United Kingdom 1-37  
Martin AR, Reynolds P, Richardson MG (1987) Aspects of the biology of pilot whales 
(Globicephala melaena) in recent mass strandings on the British coast. J Zool 
Lond 211: 11-23.  
Martínez del Rio C, Carleton SA (2012) How fast and how faithful: the dynamics of 
isotopic incorporation into animal tissues. J Mam 93: 353-359 
McGrath-Steer (2004) Flexibility in the reproductive strategies of Nototodarus 
gouldi, Macoy 1888 (Cephalopoda. Ommastrepidae) from southeastern 
Australia. PhD thesis, University of Tasmania, 109pp 
McMahon, KW, Hamady LL, Thorrold SR (2013) A review of ecogeochemistry 
approaches to estimating movements of marine animals. Limnol Oceanogr 
58:697-714 
Ménard F, Potier M, Jaquemet S Romanov E, Sabatié E, Cherel Y (2013) Pelagic 
cephalopods in the western Indian Ocean: New information from diets of top 
predators. Deep-Sea Res II : Topical Studies in Oceanography 95: 83-92  
Mendes S, Newton J, Reid RJ, Frantzis A, Pierce GJ (2007a) Stable isotope profiles in 
sperm whale teeth: variations between areas and sexes. J Mar Biol Assoc UK 
87: 621-627 
Mendes S, Newton J, Reid RJ, Zuur AF, Pierce GJ (2007b) Stable carbon and nitrogen 
isotope ratio profiling of sperm whale teeth reveals ontogenetic movements 
and trophic ecology. Oecologia 151: 605-615  
Mèndez-Fernandez P, Bustamante P, Bode A, Chouvelon T, Ferreira M, López A, 
Pierce GJ, Santos MB, Spitz J, Vingada JV, Caurant F (2012) Foraging ecology 
of five toothed whale species in the Northwest Iberian Peninsula, inferred 
using carbon and nitrogen isotope ratios. J Exp Mar Biol Ecol 413: 150-158 
Literature Cited 
 
166 
Minagawa M, Wada E (1984) Stepwise enrichment of 15N along food chains: further 
evidence and the relation between δ15N and animal age. Geochin Cosmochim 
Acta 48: 1135-1140 
Miserez A, Li Y, Waite JH, Zok R (2007) Jumbo squid beak: inspiration for design of 
robust organic composites. Acta Biomater 3: 139-149  
Monteiro S, Ferreira M, Vingada JV, López A, Brownlow A, Méndez-Fernandez P 
(2015a) Application of stable isotopes to assess the feeding ecology of long-
finned pilot whale (Globicephala melas) in the Northeast Atlantic Ocean. J Exp 
Mar Biol Ecol 465: 56-63  
Monteiro S, Méndez-Fernandez P, Piertney S, Moffats CF, Ferreira M, Vingada JV, 
López A, Brownlow A, Jepson P, Mikkelsen B, Niemeyer M, Carvalho C, Pierce 
GJ (2015b) Long-finned pilot whale population diversity and structure in 
Atlantic waters assessed through biogeochemical and genetic markers. Mar 
Ecol Prog Ser 536: 243-257  
Morrisette L, Christensen V, Pauly D (2012) Marine mammal impacts in exploited 
ecosystems: would large scale culling benefit fisheries? Plos ONE 7(9) 
e43966 
Morrisette L, Kaschner K, Gerber LR (2010) Ecosystem models clarify the trophic 
role of whales off Northwest Africa. Mar Ecol Prog Ser 44: 289-302 
Murphy EJ, Trathan PN, Watkins JL, Reid K, Meredith MP, Forcada J, Thorpe SE, 
Johnston NM, Rothery P (2007a) Climatically driven fluctuations in Southern 
Ocean ecosystems. Proc R Soc B 274: 3057-3067 
Murphy EJ, Watkins JL, Trathan PN, Reid K, Meredith MP, Thorpe SE, Johnston NM, 
Clarke A, Tarling GA, Collins MA, Forcada J, Shreeve RS, Atkinson A, Korb R, 
Whitehouse MJ, Ward P, Rodhouse PG, Enderlein P, Hirst AG, Martin AR, Hill 
SL, Staniland IJ, Pond DW, Briggs DR, Cunningham NJ, Fleming AH (2007b) 
Spatial and temporal operation of the Scotia Sea ecosystem: a review of 
large-scale links in a krill centred food web. Phil Tran R Soc B 362: 113-148 
Murphy EJ, Cavanagh RD, Hofmann EE, Hill SL, Constable AJ, Costa DP, Pinkerton 
MH, Johnston NM, Trathan PN, Klinck JM, Wolf-Gladrow DA, Daly KL, Maury 
O, Doney SC (2012) Developing integrated models of Southern Ocean food 
Literature Cited 
 
167 
webs: including ecological complexity, accounting for uncertainty and the 
importance of scale. Prog Ocean 102: 74-92 
Navarro J, Coll M, Somes CJ, Olson RJ (2013) Trophic niche of squids: Insights from 
isotopic data in marine systems worldwide. Deep-Sea Res II 95: 93-102 
Negri A, Daneri GA, Ceia F, Vieira R, Cherel Y, Coria NR, Corbalan A, Xavier JC (2016) 
The cephalopod prey of the Weddell Seal, Leptonychotes weddellii, a 
biological sampler of the Antarctic marine ecosystem. Polar Biol 39: 561-564 
Newland C, Field IC, Cherel Y, Guinet C, Bradshaw C, McMahon C, Hindell M (2011) 
Diet of juvenile southern elephant seals reappraised by stable isotopes in 
whiskers. Mar Ecol Prog Ser 424: 247-258 
Newsome SD, Etnier MA, Monson DH, Fogel ML (2009) Retrospective 
characterization of ontogenetic shifts in killer whale diets via 13C and 15N 
analysis of teeth. Mar Ecol Prog Ser 374: 229-242 
Newsome SD, Clementz MT, Koch PL (2010) Using stable isotope biogeochemistry to 
study marine mammal ecology. Mar Mam Sci 26: 509- 572 
Nishiwaki, M. and Oguro, N. 1972. Catch of the Cuvier’s beaked whales off Japan in 
recent years. Sci Rep Whales Res Inst Tokyo 24: 35-41 
Oremus M, Gales R, Dalebout ML, Funahashi N, Endo T, Kage T, Steel D, Baker SC 
(2009) Worldwide mitochondrial DNA diversity and phylogeography of pilot 
whales (Globicephala spp.). Biol J Linn Soc 98: 729-744 
Ottensmeyer CA, Whitehead H (2003) Behavioural evidence for social units in long-
finned pilot whales. Can J Zool. 81: 1327-1338 
Overholtz WJ, Waring GT (1991) Diet composition of Pilot whales (Globicephala sp.) 
and common dolphins Delphinus delphis in the Mid-Atlantic Bight during 
spring 1989. Fish Bull 89: 723-728 
Palacios DM (2002) Factors influencing the island-mass effect of the Galapagos 
Archipeligo. Geophys Res Lett 29: 49-1 - 49-4 
Parry M (2008) Trophic variation with length in two ommastrephid squids, 
Ommastrephes bartramii and Sthenoteuthis oualaniensis. Mar Biol 153: 249-
256 
Literature Cited 
 
168 
Pauly D, Christensen V, Dalsgaard J, Froese R, Torres Jr. F (1998) Fishing down the 
food webs. Science 279: 860-863 
Pecl GT, Jackson GD (2008) The potential impacts of climate change on inshore 
squid: biology, ecology and fisheries. Rev Fish Biol Fish 18(4): 373-385 
Pecl GT, Moltschaniwskyj NA (2006) Life history of a short-lived squid (Sepioteuthis 
australis): resource allocation as a function of size, growth, maturation, and 
hatching season. ICES J Mar Sci 63: 995-1004 
Pecl, GT, Moltschaniwskyj NA, Tracey, SR, Jordan AR (2004) Inter-annual plasticity 
of squid life history and population structure: ecological and management 
implications. Oecologia 139: 515-524 
Pethybridge H, Daley R, Virtue P, Butler ECV, Cossa D, Nichols PD (2010) Lipid and 
mercury profiles of 61 mid-trophic species collected off south-eastern 
Australia. Mar Freshwer Res 61: 1092-1108 
Pethybridge H, Daley RK, Nichols PD (2011) Diet of demersal sharks and chimaeras 
inferred by fatty acid profiles and stomach content analysis. J Exp Mar Biol 
Ecol 409: 290-299 
Pethybridge H, Virtue P, Casper R, Yoshida T, Green CP, Jackson G, Nichols PD 
(2012) Seasonal variations in diet of arrow squid (Nototodarus gouldi): 
stomach content and signature fatty acid analysis. J Mar Biol Assoc UK 92(1): 
187-196 
Pethybridge HR, Nichols PD, Virtue P, Jackson GD (2013) The foraging ecology of an 
oceanic squid, Todarodes filippovae: The use of signature lipid profiling to 
monitor ecosystem change. Deep-Sea Res II 95: 119-128 
Pethybridge HR, Parrish CC, Morrongiello J, Young JW, Farley JH, Gunasekera RM, 
Nichols PD (2015) Spatial patterns and temperature predictions of tuna fatty 
acids; tracing essential nutrients and changes in primary producers. Plos 
ONE 10(7) e0131598 
Phillips KL, Nichols PD, Jackson GD (2003) Size-related dietary changes observed in 
the squid Moroteuthis ingens at the Falkland Islands: stomach contents and 
fatty-acid analyses. Polar Biol 26: 474-485  
Literature Cited 
 
169 
Phillips KL, Nichols PD, Jackson GD (2002) Lipid and fatty acid composition of the 
mantle and digestive gland of four Southern Ocean squid species: 
implications for food-web studies. Antarct Sci 14:212-220 
Pierce GJ, Santos MG, Learmonth JA, Mente E, Stowasser G (2004) Methods for 
dietary studies on marine mammals. The Mediterranean Science Commission 
Workshop Monographs 25:29-36 
Pitman, RL, Van Helden AL, Best PB, Pym A (2006) Sherpherd’s beaked whale 
(Tasmacetus sherpherdi): information on appearance and biology based on 
strandings and at-sea observations. Mar Mam Sci 22: 744-755 
Pitt NR, Poloczanska ES, Hobday AJ (2010) Climate-driven changes in Tasmanian 
intertidal fauna. Mar Freshwater Res 61: 963-970 
Post DM (2002) Using stable isotopes to estimate trophic position, models, methods 
and assumptions. Ecology 83: 703-718 
Prince JD (2001) Ecosystem of the South East Fishery (Australia), and fisher lore. 
Mar Freshwater Res 52: 431-449 
Quetglas A, de Mesa A, Ordines F, Grau A (2010) Life history of the deep-sea 
cephalopod family Histioteuthidae in the western Mediterranean. Deep-Sea 
Res I 57: 999-1008 
Quillfeldt P, Masello JF, McGill RAR, Adams M, Furness RW (2010) Moving 
polewards in winter: a recent change in the migratory strategy of a pelagic 
seabird? Front Zool 7:15 http://www.frontiersinzoology.com/content/7/1/15 
Ramos R, González-Solís J (2012) Trace me if you can: the use of intrinsic 
biogeochemical markers in marine top predators. Front Ecol Environ 10: 
258-266 
Ramos JE, Pecl GT, Semmens JM, Strugnell JM, Leon RI, Moltschaniwskyj NA (2015) 
Reproductive capacity of a marine species (Octopus tetricus) within a recent 
range extension area. Mar Freshwater Res 66: 999-1008 
Remeslo AV, Yakushev MR, Laptikhovsky V (2015) Alien vs. predator: interactions 
between the colossal squid (Mesonychoteuthis hamiltoni) and the Antarctic 
toothfish (Dissostichus mawsoni). J Nat Hist DOI: 10.1080/00222933.2015. 
1040477 
Literature Cited 
 
170 
Rendell L, Whitehead H, Escribano R (2004) Sperm whale habitat use and foraging 
success off northern Chile: evidence of ecological links between coastal and 
pelagic systems. Mar Ecol Prog Ser 275: 289-295 
Rau GH, Sweeney RE, Kaplan IR (1982) Plankton 13C:12C ratio changes with latitude: 
differences between northern and southern oceans. Deep-Sea Res 29: 1035-
1039  
Revill AT, Young JW, Lansdell M (2009) Stable isotopic evidence for trophic 
groupings and bio-regionalization of predators and their prey in oceanic 
waters off eastern Australia. Mar Biol 156: 1241-1253 
Riccialdelli L, Goodall N (2015) Intra-specific trophic variation in false killer whales 
(Pseudorca crassidens) from the southwestern South Atlantic Ocean through 
stable isotopes analysis. Mam Biol 80: 298–302 
RobertsJ, Xavier JC, Agnew DJ (2011) The diet of toothfish species Dissostichus 
eleginoides and Dissostichus mawsoni with overlapping distributions. J fish 
Biol 79: 138-154 
Rocha Jr RC, Claphan PJ, Ivashchenko YV (2015) Emptying the oceans: a summary of 
industrial whaling catches in the 20th century. Mar Fish Rev 76: 37-48 
Rodhouse PG (2001) Managing and forecasting squid fisheries in variable 
environments. Fish Res 54: 3-8 
Rodhouse PGK (2013) Role of squid in the Southern Ocean pelagic ecosystem and 
the possible consequences of climate change. Deep-Sea Res II 95: 129-138 
Rodhouse PG, Nigmatullin CH M (1996) Role as consumers. Phil Trans R Soc Lond B 
351: 1003-1022 
Rodhouse PG, White MG, Jones MRR (1992) Trophic relations of the cephalopod 
Martialia hyadesi (Teuthoidea: Ommastrephidae) at the Antarctic Polar 
Front, Scotia Sea. Mar Biol 114: 415-421 
Rommel SA, Costidis AM, Fernández A, Jepson PD, Pabst DA, McLellan WA, Houser 
DS, Cranford TW, van Helden AL, Allen DM, Barros NB (2006) Elements of 
beaked whale anatomy and diving physiology and some hypothetical causes 
of sonar-related stranding. J Cetacean Res Manage 7: 189-209 
Literature Cited 
 
171 
Rosa R, Seibel BA (2010) Slow pace of life of the Antarctic squid. J Mar Biol Ass UK 
90: 1375-1378 
Rosas-Luis R, Salinas-Zavala CA, Koch V, Del Monte Luna P, Morales-Zarate MV 
(2008) Importance of jumbo squid Dosidicus gigas (Orbigny, 1835) in the 
pelagic ecosystem of the central Gulf of California. Ecol Model 218: 149-
161 
Ruiz-Cooley RI, Engelhaupt DT, Ortega-Ortiz JG (2012) Contrasting C and N isotope 
ratios from sperm whale skin and squid between the Gulf of Mexico and 
Gulf of California: effect of habitat. Mar Biol 159: 151-164 
Ruiz-Cooley RI, Gendron D, Aguíñiga S, Mesnick S Carriquiry JD (2004) Trophic 
relationships between sperm whales and jumbo squid using stable isotopes 
of C and N. Mar Ecol Prog Ser 277: 275-283 
Ruiz-Cooley RI, Markaida U, Gendron D, Aguíñiga S (2006) Stable isotopes in jumbo 
squid (Dosidicus gigas) beaks to estimate its trophic position: comparison 
between stomach  contents and stable isotopes. J Mar Biol Ass UK 86: 437-
445 
Ruiz-Cooley RI, Villa EC, Gould WR (2010) Ontogenetic variation of δ13C and δ15N 
recorded in the gladius of the jumbo squid Dosidicus gigas: geographic 
differences. Mar Ecol Prog Ser 399:187-198 
Ryan C, McHugh B, Trueman CN, Harrod C, Berrow SD, O’Connor I (2012) 
Accounting for the effects of lipids in stable isotope (delta C-13 and delta N-
15 values) analysis of skin and blubber of balaenopterid whales. Rapid 
Commun Mass Sp 26: 2745-2754 
Santamaría del Angel E, Alvarez-Borrego S (1994) Gulf of California biogeographic 
regions based on coastal zone color scanner imagery. J Geophys Res C 99: 
7411-7421 
Santos MB, Clarke, Pierce GJ (2001a) Assessing the importance of cephalopods in 
the diets of marine mammals and other top predators: problems and 
solutions. Fish Res 52: 121-139  
Literature Cited 
 
172 
Santos MB, Pierce GJ, Herman J, A, Guerra A, Mente E, Clarke MR (2001b) Feeding 
ecology of Cuvier's beaked whale (Ziphius cavirostris): a review with new 
information on the diet of this species. J Mar Biol Ass UK 81: 687-694  
Santos RA, Haimovici M (2001) Cephalopods in the diet of marine mammals 
stranded or incidentally caught along southeastern and southern Brazil (2-
34oS). Fish Res 52: 99-112 
Santos MB, Martin V, Arbelo M, Fernández A, Pierce GJ (2007) Insights into the diet 
of beaked whales from the atypical mass stranding in the Canary Islands in 
September 2002. J Mar Biol Ass U.K. 87: 243-251 
Santos MB, Monteiro SS, Vingada JV, Ferreira M, López AL, Martínez Cedeira JA, Reid 
RJ, Brownlow A, Pierce GJ (2014) Patterns and trends in the diet of long-
finned pilot whales (Globicephala melas) in the northeast Atlantic. Mar Mam 
Sci 30: 1-19 
Santos MB, Pierce GJ (2005) A note on niche overlap in teuthophagus whales in the 
northern northeast Atlantic. Phuket Mar biol Cent Res Bull 66: 291-298 
Santos MB, Pierce GJ, Boyle PR, Reid RJ, Ross HM, Patterson IAP, Kinze CC, Tougaard 
S, Lick R, Piatkowski U, Hernández-García V (1999) Stomach contents of 
sperm whales (Physeter macrocephalus stranded in the North Sea 1990-
1996. Mar Ecol Prog Ser 183: 281-294 
Santos MB, Pierce GJ, Garcia Hartmann M, Smeenk C, Addink MJ, Kuiken T, Reid RJ, 
Patterson LAP, Lordon C, Rogan E, Mente E (2002) Additional notes on 
stomach contents of sperm whales Physeter macrocephalus stranded in the 
north-east Atlantic. J Mar Biol Ass UK 82: 501-507 
Schimmelmann A, Deniro MJ (1986) Stable isotope studies on chitin II. The 13C/12C 
and 15N/14N ratios in arthropod chitin. Contrib Mar Sci 29: 113-130 
Schor GS, Falcone EA, Moretti DJ, Andrews RD (2014) First long-term behavioural 
records from Cuvier’s beaked whales (Ziphius cavirostris) reveal record-
breaking dives. Plos ONE 9(3): e92633 
Seco J, Roberts J, Ceia FR, Baeta A, Ramos JA, Paiva VH, Xavier JC (2016) Distribution, 
habitat and trophic ecology of Antarctic squid Kondakovia longimana and 
Literature Cited 
 
173 
Moroteuthis knipovitchi: inferences from predators and stable isotopes. Polar 
Biol. 39:167-175 
Sekigughi K, Klages NTW, Best PB (1996) The diet of strap-toothed whales 
(Mesoplodon layardii). J Zool Lond 239: 453-463 
Semmens JM (1998) An examination of the role of the digestive gland of two 
loliginid squids, with respect to lipid: storage or excretion? Proc R Soc Lond B 
Biol Sci 265: 1685-1690 
Sergeant DE (1962). The biology of the pilot or pothead whale Globicephala melaena 
(Traill) in Newfoundland waters. B Fish Res Board Can 132: 1-84. 
Smidt K, Atkinson A, Stubing D, McClelland JW, Montoya JP, Voss M (2003) Trophic 
relationships among Southern Ocean copepods and krill: some uses and 
limitations of a stable isotope approach. Limnol Oceanogr 48: 277-289 
Smith TM, Green CP, Sherman CDH, Craig DH (2015) Patterns of connectivity and 
population structure of the southern calamari Sepioteuthis australis in 
southern Australia. Mar Freshwer Res 66: 942-947 
Soares LSH, Muto EY, López JP, Clauzet GRV, Valiela I (2014) Seasonal variability of 
δ13C and δ15N of fish and squid in the Cabo Frio upwelling system of the 
southwestern Atlantic. Mar Ecol Prog Series 512: 9-21  
Spitz J, Cherel Y, Bertin S, Kiszka J, Dewez A, Ridoux V (2011) Prey preferences 
among the community of deep-diving odontocetes from the Bay of Biscay, 
Northeast Atlantic. Deep-Sea Res I 58: 273–282 
Spitz J, Trites AW, Becquet V, Amour AB, Cherel Y, Galois R (2012) Cost of living 
dictates what whales, dolphins and porpoises eat: The importance of prey 
quality on predator foraging strategies. Plos ONE 7 (11) e50096 
Stark KE, Jackson GD, Lyle JM (2005) Tracking arrow squid movements with an 
automated acoustic telemetry system. Mar Ecol Prog Ser 299: 167-177. 
Staudinger MD, Juanes F, Salmon B, Teffer AK (2013) The distribution, diversity, and 
importance of cephalopods in top predator diets from offshore habitats of 
the Northwest Atlantic Ocean. Deep-Sea Res II Topical Studies in 
Oceanography 95: 182-192 
Literature Cited 
 
174 
Staudinger MD, McAlarney RJ, McLellan WA, Pabst DA (2014) Foraging ecology and 
niche overlap in pygmy (Kogia breviceps) and dwarf (Kogia sima) sperm 
whales from waters of the U.S. mid-Atlantic coast. Mar Mam Sci 30: 626-655 
Strong DR, Frank KT (2010) Human involvement in food webs. Ann Rev Environ Res 
35: 1-23 
Surma S, Pakhomov EA, Pitcher TJ (2014) Effects of whaling on the structure of the 
Southern Ocean food web: Insights on the “krill surplus” from ecosystem 
modelling. Plos ONE 9 (12) e114978  
Surma S, Pitcher TJ (2015) Predicting the effects of whale population recovery on 
Northeast Pacific food webs and fisheries: an ecosystem modeling approach. 
Fish Oceanogr 24: 291-305 
Suter KD (1982) Australia’s new whaling policy: formulation and implementation. 
Mar Pol 6: 287-302 
Teloni V, Johnson MP, Miller PJO, Madsen PT (2008) Shallow food for deep divers: 
Dynamic foraging behavior of male sperm whales in a high latitude habitat. J 
Exp Mar Biol Ecol 354: 119-131 
Tieszen LL, Boutton TW, Tesdahl KG, Slade NA (1983) Fractionation and turnover of 
stable  isotopes in animal tissues: Implications for δ13C analysis of diet. 
Oecologia 57: 32-37 
Tollit DJ, Pierce GJ, Hobson KA, Bowen WD, Iverson SJ (2010) Diet. In: Boyd LL, 
Bowen WD, Iverson SJ (eds) Marine mammal ecology and conservation: A 
handbook of techniques. Oxford University Press, Oxford, p 191-221 
Trites AW (2002) Predator-prey relationships. In: Perrin WF, Wursig B, Thewisson 
HGM (eds) Encyclopedia of Marine Mammals. Academic Press, San Diego, p 
994-997 
Trull TW, Armand L (2001) Insight into Southern Ocean carbon export from the δ13C 
of particles and dissolved inorganic carbon during the SOIREE iron release 
experiment. Deep-sea Res II 48: 2655-2680 
Tucker S, Bowen WD, Iverson SJ (2007) Dimensions of diet segregation in grey seals 
Halichoerus grypus revealed through stable isotopes of carbon (δ13C) and 
nitrogen (δ15N). Mar Ecol Prog Ser 339: 271-282  
Literature Cited 
 
175 
Tyack PL, Johnson M, Soto NA, Sturlese A, Madsen PT (2006) Extreme diving of 
beaked whales. J Exp Biol 209: 4238-4253 
Tyson RB, Friedlaender AS, Nowacek DP (2016) Does optimal foraging theory 
predict the foraging performance of a large air-breathing marine predator? 
Anim Behav 116: 223-235 
Uchikawa K, Kidokoro H (2014) Feeding habits of juvenile Japanese common squid 
Todarodes pacificus: Relationship between dietary shift and allometric 
growth. Fish Res 152: 29-36 
Valenzuela LO, Sironi M, Rowntree VJ (2010) Interannual variation in the stable 
isotope differences between mothers and their calves in Southern Right 
Whales (Eubalaena australis). Aquat Mam 36: 138-147 
Vales DG, Cardona L, Garcia NA, Zenteno L, Crespo EA (2015) Ontogenetic dietary 
changes in male South American fur seals Arctocephalus australis in 
Patagonia. Mar Ecol Prog Ser 525: 245-26 
Vanderklift MA, Ponsard S (2003) Sources of variation in consumer-diet δ15N 
enrichments: a meta-analysis. Oecologia 136: 169-182 
Vander Zanden MJ, Clayton MK, Moody EK, Solomon CT, Weidel BC (2015) Stable 
isotope turnover and half-life in animal tissues: a literature synthesis. PLos 
ONE 10(1) e0116182 
Vecchione M, Young RE, Lindgren A (2014) Mastiogoteuthidae Verrill, 1881. 
Mastigoteuthis Verrill,, 1881. Whip-lash squid. Version 21 January 2014 
(under construction). http://tolweb.org/Mastigoteuthis/19453/2014.01.21 
in The Tree of Life Web Project, http://tolweb.org/ 
Veit-Kohler G, Guilini K, Peeken I, Quillfeldt P, Mayr C (2013) Carbon and nitrogen 
stable isotope signatures of deep-sea meifauna follow oceanographical 
gradients across the Southern Ocean. Prog Oceanogr 110: 69-79 
Villanueva R (1992) Interannual growth differences in the oceanic squid Todarodes 
angolensis Adam in the northern Benguela upwelling system, based on 
statolith growth increment analysis. J Exp Mar Biol Ecol 159: 157-177 
Voss NA (1969) A monograph of the cephalopoda of the North Atlantic. The family 
Histioteuthidae. Bull Mar Sci 19: 713-866 
Literature Cited 
 
176 
Voss NA, Nesis KN, Rodhouse PG (1998) The cephalopod family Histioteuthidae 
(Oegopsida): systematic, biology, and biogeography. In Voss NA, Vecchione 
M, Toll RB, Sweeney MJ (Eds) Systematics and Biogeography of Cephalopods. 
Smithsonian Contributions to Zoology, Washington, DC, p 293-372 
Votier SC, Bearhop S, Fyfe R, Furness RW (2008) Temporal and spatial variation in 
the diet of a marine top predator – links with commercial fisheries. Mar Ecol 
Prog Ser 367: 223-232 
Wallach AD, Izhaki I, Toms JD, Ripple WJ, Shana U (2015a) What is an apex 
predator? Oikos 124: 1453-1461 
Wallach AD, Ripple WJ, Carroll SP (2015b) Novel trophic cascades: apex predators 
enable coexistence. Trends Ecol Evol 30: 146-153 
Walters A (2005) Long-finned pilot whale (Globicephala melas): tissue lipid profiles. 
Honours thesis. University of Tasmania, Hobart 
Walters A (2013) Quantifying the trophic linkages of Antarctic marine predators. 
PhD thesis. University of Tasmania, Hobart 
Walters A, Lea M, van den Hoff J, Field IC, Virtue P, Sokolov S, Pinkerton MH, Hindell 
MA (2014) Spatially explicit estimates of prey consumption reveal a new krill 
predator in the Southern Ocean. Plos ONE 9(1): e86452  
Watson RA, Nowara GB, Tracey SR, Fulton EA, Bulman CM, Edgar GJ, Barrett NS, Lyle 
JM, Frusher SD, Buxton CD (2013) Ecosystem model of Tasmanian waters 
explores impacts of climate-change induced changes in primary productivity. 
Ecol Model 264: 115-129 
Watwood SL, Miller PJO, Johnson M, Madsen PT, Tyack PL (2006) Deep-foraging 
behaviour of sperm whales (Physeter macrocephalus). J Anim Ecol 75: 814-
825 
Wawrik B, Paul JH (2004) Phytoplankton community structure and productivity 
along the axis of the Mississippi River plume in oligotrophic Gulf of Mexico 
waters. Aquat Microb Ecol 35: 185-196 
Watanabe H, Kubodera T, Ichii T, Kawahara S (2004) Feeding habits of neon flying 
squid Ommastrephes bartramii in the transitional region of the central North 
Pacific. Mar Ecol Prog Ser 266: 173-184 
Literature Cited 
 
177 
Watt CA, Ferguson SH (2015) Fatty acids and stable isotopes (13C and 15N) reveal 
temporal changes in narwhal (Monodon monoceros) diet linked to migration 
patterns. Mar Mam Sci 31: 21-44 
Wenzel FW, Polloni PT, Craddock JE, Gannon DP, Nicolas JR, Read AJ, Rosel PE 
(2013) Food habits of Sowerby's beaked whales (Mesoplodon bidens) taken 
in the pelagic drift gillnet fishery of the western North Atlantic. Fish Bull 111: 
381-389 
Weimerskirch H, Cherel Y (1998) Feeding ecology of short-tailed shearwaters: 
breeding in Tasmania and foraging in the Antarctic? Mar Ecol Prog Ser 167: 
261-274 
Weimerskirch H, Gault A, Cherel Y (2005) Prey distribution and patchiness: factors 
in foraging success and efficiency of wandering albatrosses. Ecology 86: 
2611-2622 
Wenzel FW, Craddock JE, Gannon DP, Nicolas JR, Read AJ, Rosel PE (2013) Food 
habits of Sowerby’s beaked whales (Mesoplodon bidens) taken in the pelagic 
drift gillnet fishery of the western North Atlantic. Fish Bull 111: 381-389 
Whitehead H (2002) Estimates of the current global population size and historical 
trajectory for sperm whales. Mar Ecol Prog Ser 242: 295-304 
Whitehead H, Rendell L (2004) Movements, habitat use and feeding success of 
cultural clans of South Pacific sperm whales. J Anim Ecol 73: 190-196 
Whitehead H, Waters S, Lyrholm T (1991) Social organization of female sperm 
whales and their offspring: constant companions and casual acquaintances. 
Behav Ecol Sociobiol 29: 385-389 
Williams TM, Dunkin R, Yochem P, McBain J, Fox-Dobbs K, Mostman-Liwang H, 
Maresh J (2008) NWFSC Contract Report: Assessing stable isotope signature 
variation in cetaceans: An evaluation of skin sampling techniques and 
correlations with diet for bottlenose dolphins and killer whales. 
Williams R, Krkosek M, Ashe E, Branch TA, Clark S, Hammond PS, Hoyt E, Noren DP, 
Rosen D, Winship A (2011) Competing conservation objectives for predators 
Literature Cited 
 
178 
and prey: estimating killer whale prey requirements for chinook salmon. 
PLoS ONE 6: e26738 
Xavier JC, Cherel Y (2009) Cephalopod beak guide for the Southern Ocean. British 
Antarctic Survey, Cambridge, UK. 
Xavier JC, Allcock AL, Cherel Y, Lipinski MR, Pierce GJ, Rodhouse PGK, Rosa R, Shea 
EK, Strugnell JM, Vidal EAG, Villaneuva R, Ziegler A (2015) Future challenges 
in cephalopod research. J Mar Biol Ass UK 95(5): 999-1015 
Xavier JC, Croxall JP (2007) Predator-prey interactions: why do larger albatrosses 
feed on bigger squid? J Zool Lond 271: 408-417 
Xavier JC, Ferreira S, Tavares S, Santos N, Mieiro CL, Trathan PN, Lourenco S, 
Martinho F, Steinke D, Seco J, Pereira E, Pardal M, Cherel Y (2016) The 
significance of cephalopod beaks in marine ecology studies: Can we use 
beaks for DNA analyses and mercury contamination assessment? Mar Poll 
Bull 103: 220-226 
Xavier JC, Phillips RA, Cherel Y (2011) Cephalopods in marine predator diet 
assessments: why identifying upper and lower beaks is important. ICES J Mar 
Sci 68: 1857-1864 
Xavier JC, Louzao M, Thorpe E, Ward P, Hill C, Roberts D, Croxall JP, Phillips RA 
(2013) Seasonal changes in the diet and feeding behavior of a top predator 
indicate a flexible response to deteriorating oceanographic conditions. Mar 
Biol 160: 1597-1606 
Xavier JC, Rodhouse P, Purves M, Daw T, Arata J, Pilling G (2002) Distribution of 
cephalopods recorded in the diet of the Patagonian toothfish (Dissostichus 
eleginoides) around South Georgia. Polar Biol 25: 323-330 
Xavier JC, Walker K, Elliot G, Cherel Y, Thompson D (2014) Cephalopod fauna of 
South Pacific waters: new information from breeding New Zealand 
wandering albatrosses. Mar Ecol Prog Ser 513: 131-142 
Yick JL, Barnett A, Tracey SR (2012) The trophic ecology of two abundant 
mesopredators in south-east coastal waters of Tasmania, Australia. Mar Biol 
159: 1183-1196 
Literature Cited 
 
179 
Young JW, Bradford RW, Lamb TD, Lyne VD (1996a) Biomass of zooplankton and 
micronekton in the southern bluefin tuna fishing grounds off eastern 
Tasmania, Australia. Mar Ecol Prog Ser 138: 1-14 
Young JW, Lamb TD, Bradford RW (1996b) Distribution and community structure of 
midwater fishes in relation to the subtropical convergence off eastern 
Tasmania, Australia. Mar Biol 126: 571-584 
Young JW, Hunt BPV, Cook TR, Llopiz JK, Hazen EL, Pethybridge HR, Ceccarelli D, 
Lorrain, A, Olson RJ, Allain V, Menkes C, Patterson T, Nicol S, Lehodey P, 
Kloser RJ, Arrizabalaga H, Choy CA (2015a) The trophodynamics of marine 
top predators: Current knowledge, recent advances and challenges. Deep-Sea 
Res II 113: 170-187  
Young JW, Olson RJ, Ménard F, Kuhnert PM, Duffy LM, Allain V, Logan JM, Lorrain A, 
Somes CJ, Graham B, Goñi N, Pethybridge H, Simier M, Potier M, Romanov E, 
Pagendam, D, Hannides C, Choy CA (2015b) Setting the stage for a global-
scale trophic analysis of marine top predators: a multi-workshop review. Rev 
Fish Biol Fish 25:261-272 
Young JW, Jordan AR, Bobbi C, Johannes RE, Haskard K, Pullen G (1993) Seasonal 
and interannual variability in krill (Nyctiphanes australis) stocks and their 
relationship to the fishery for jack mackerel (Trachurus declivis) off eastern 
Tasmania, Australia. Mar Biol 116: 9-18 
Zeidberg LD, Robison BH (2007) Invasive range expansion by the Humboldt squid, 
Dosidicus gigas, in the eastern North Pacific. P Natl Acad Sci 104: 12946-2948 
